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ABSTRACT 
 
Whilst much attention has recently been given in the policy and scientific literature to the 
theoretical opportunities that REDD+ and blue carbon initiatives can potentially provide for 
sustainable mangrove forest management, little attention has been paid to the practicalities of how 
carbon payments for conservation can be best balanced with other somewhat conflicting forest use 
activities, such as wood production. This thesis explores these gaps in the literature by analysing the 
integration of a hypothetical REDD+ pilot project into the management planning of the Matang 
Mangrove Forest Reserve in Malaysia.  
 
The Matang Mangrove Forest reserve covers 40,466 ha and has been managed for more than a 
century primarily for the extraction of wood for the production of poles and charcoal.  The forest 
reserve has often been referred to as a fine example of sustainable forest management. In recent 
years, evidence has emerged of the decline of multiple ecosystem services in the Matang forest 
reserve area. The premise to this thesis is that something should be done to arrest the decline of 
ecosystem health in the reserve. The thesis explores whether carbon payments can be used to 
protect areas within the reserve from harvesting for wood production and thereby support the 
recovery and improved health of the ecosystem, and at the same time, support income for the forest 
owners and livelihood activities (particularly through wood production) for local communities.  
 
The thesis begins by reviewing the potential benefits and common problems associated with 
integrating a REDD+ pilot project in a mangrove forest such as the Matang Mangrove Forest 
Reserve. The suitability of remotely-sensed data obtained from Landsat imaging sensors, in 
combination with ancillary forest inventory data, is then assessed for planning and management in a 
production mangrove forest. Different techniques for the spatial analysis of the ecological features 
of a mangrove forest are tested, evaluated and presented. The techniques include both pixel-based 
and object-based approaches. The object-based approach accurately delineated between commercial 
and non-commercial mangrove species. More importantly, it also produced a reliable and accurate 
stand-age structure map based on three designated classes: clear-felled areas; young mangrove 
forest (less than 13 years old); and mature mangrove forest (13 years or older).  
 
The technique was then applied to assess the impact of the silvicultural practices employed in the 
Matang forest reserve on the provision of the critical ecosystem services. The spatiotemporal 
changes in the distribution of the stand age composition and structure over a 35 year period was 
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analysed. Results revealed a relatively stable composition of clear felled areas, young and mature 
mangrove forests throughout the observation period – an indication of good area and composition 
governance by the Matang reserve managers (the State Forestry Department of Perak). However, 
the results of the ecosystem services assessment revealed that the reserve greenwood yield, the 
production of blood cockles and the habitat of migratory birds had shown varying forms and 
degrees of deterioration. The potential impact of the observed changes derived from the classified 
images to the data obtained from the ecosystem services assessment was then analysed. 
 
Finally, the assessment was extended to include ecosystem service and stakeholder identification, 
ecosystem mapping, ecosystem and stakeholder analysis, and an opportunity cost analysis. The 
combination of analysis was conducted to encapsulate findings from the previous chapters and to 
provide a comprehensive feasibility study on the proposed integration of a REDD+ project in the 
Matang Mangrove Forest Reserve from multiple perspectives; ecological, financial and economic. 
 
The results presented in the thesis demonstrate that the management of the Matang Mangrove 
Forest Reserve could derive positive ecological, financial and economic benefits from the 
implementation of a REDD+ project. The thesis provides an insight into how carbon payments and 
wood production could be integrated in the management of a mangrove forest to achieve more 
sustainable outcomes, and better balance community livelihood needs and the health of multiple 
ecosystem services. At the national and regional scale, this thesis contributes useful information to 
help the Malaysian Government achieve its aspiration of reducing national greenhouse gas 
emissions by 40 percent per GDP by 2020. At a more local scale, this research offers some critical 
evidence which could assist the managers of the Matang Mangrove Forest Reserve to refine and 
improve their management planning to achieve more sustainable outcomes. 
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PART 1: INTRODUCTION, LITERATURE REVIEW AND 
DESCRIPTION OF STUDY AREA 
 
 
CHAPTER 1 :       
INTRODUCTION 
 
 
1.1 Background 
 
Mangrove forests, which are commonly found in the coastlines and estuaries of tropical and 
subtropical regions, provide a variety of ecosystem services that directly or indirectly contribute to 
human well-being (Alongi, 2002; Ewel et al., 1998). The coastal ecosystem offers harvestable 
products such as timber which are either commercially extracted or consumed for subsistence 
purposes (Alongi, 2002). Mangroves act as a physical coastline barrier against storm surges and 
tsunamis (Barbier, 2006). They provide habitat, breeding and nursing grounds for fish (Barbier, 
2003; Mumby et al., 2004).  
 
In addition to this, mangrove forests also play an important role as a substantial coastal carbon sink 
(Laffoley and Grimsditch, 2009). Mangroves are ranked among the most carbon-rich forest in the 
tropics with an average storage of 1,023 Mg carbon per hectare (Donato et al., 2011). Mangroves 
located at estuarine sites have been estimated to have greater amounts of carbon stored at an 
average of 1,074 Mg C ha-1, whilst oceanic sites contained 990 Mg C ha-1 (Donato et al., 2011). 
Mangrove forests remove carbon dioxide from the atmosphere via photosynthetic activity. Biomass 
produced by mangrove forests can be consumed directly by fauna. Carbon could also be exported to 
adjacent ecosystems in organic form where it is buried in the sediments, mineralized or used as a 
food source by faunal communities (Laffoley and Grimsditch, 2009). Some carbon is emitted back 
to the atmosphere through respiration and oxidation or exported as dissolved inorganic carbon 
(Laffoley and Grimsditch, 2009; Murray et al., 2011; Nellemann et al., 2009). The two carbon pools 
that are critical to the mangrove forests role as an efficient and intense carbon sinks are the burial of 
carbon in sediments or soil organic carbon and the aboveground and belowground living biomass 
(Laffoley and Grimsditch, 2009; Murray et al., 2011). It has been estimated that a typical hectare of 
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mangroves has the potential to release carbon up to as much as a three to five hectares of a 
terrestrial tropical forest if severely disturbed (Murray et al., 2011; Ong, 1993).  
 
From the brief description of the stream of goods and services that mangrove forest provide, one 
can conclude that a continued and sustainable delivery of these services are important to the overall 
development of the surrounding community. It serves as a crucial building block to the economic 
prosperity and other aspects of welfare of the community. It also plays an important role in 
moderating environmental conditions. 
 
However, despite being a crucial component in the economic and social development of a nation 
and having a potentially profound influence on climate change, the areal extent of mangrove forests 
has declined significantly as a result of coastal development, aquaculture expansion and over-
harvesting (FAO, 2007). It has been estimated that the world has seen a total loss of 35% of 
mangrove area with a current estimated loss of 1-3% per year (Valiela et al., 2001). This represents 
a rate of an approximately 2-15 times faster than the loss of terrestrial tropical forests, which has an 
estimated loss of 0.5% per year (Achard et al., 2002).  
 
In Malaysia, mangroves face serious threats from development pressures and forest degradation due 
to timber extraction activities. Because of these factors, there has been a growing need for the 
intensification of conservation and rehabilitation efforts (Shamsudin et al., 2007). The growing 
recognition of the diverse and crucial role mangrove forest play has positively increased the 
prospects for mangrove forest conservation and rehabilitation in Malaysia. 
 
In a study to determine the mangrove ecosystem’s capacity as a carbon source and sink, Ong (1993) 
postulated that effective management, rehabilitation and conservation of mangrove ecosystems will 
be vital in any effort to address climate change. Today, there is general consensus that because 
mangrove forests are such important coastal carbon sinks and a threatened ecosystem, they should 
be included as part of global climate change mitigation strategies (Mcleod et al., 2011; Murdiyarso 
et al., 2013; Siikamäki et al., 2012). 
 
Mangroves can be managed to produce carbon offsets, either by sequestering carbon by growing 
mangroves or by avoiding emissions by avoiding mangrove ecosystem degradation (Lovelock and 
McAllister, 2013). Whilst much attention has recently been given in the policy and scientific 
literature to the opportunities mangrove carbon (so called ‘blue’ carbon) can potentially provide for 
climate change mitigation, sustainable development and ecological conservation, little attention has 
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been paid to the practicalities of the production of carbon offsets in the management of mangrove 
forests. Moreover, whilst the benefits blue carbon can provide to severely degraded mangrove 
ecosystems are obvious, no research has yet been published into how blue carbon might be used to 
benefit a production mangrove forest. This is especially important as the inclusion of blue carbon 
into market-based climate policy can result in significant funding for coastal ecosystem protection 
and restoration (Ullman et al., 2013). This thesis aims to address these gaps in the literature by 
investigating and analysing the possibilities of integrating a blue carbon based Reducing Emissions 
from Deforestation and Degradation Plus (REDD+) activities into the management of a managed 
production mangrove forest in Malaysia.  
 
1.2 Research problem 
 
The Matang Mangrove Forest Reserve (MMFR) has been primarily managed for more than a 
century for the extraction of timber used in the production of charcoal and poles (Amir, 2005). It is 
a large contiguous mangrove forest which covers a total area of 40,466 ha and by all published 
accounts has been managed well to achieve favourable outcomes for local communities and 
ecological health (Shaharuddin et al., 2005). Prior to 1990, the forest management plan had been 
purely based on economic objectives (Gan, 1995). An ecologically based forest management system 
was only formulated and implemented in the second 10-year period of the second rotation of the 
1990 – 1999 working plan (Azahar and Nik Mohd. Shah, 2003; Gan, 1995). 
 
However, the extraction of timber tends to have a negative impact on the provision of most 
ecosystem services. For example, timber extraction usually reduces the ability of the forest to 
sequester carbon and concurrently disturb and alter faunal habitat. Despite being able to 
successfully maintain a relatively stable area of mangrove forest in Matang, the difficulties in 
managing and balancing competing objectives have become evident, as signs of degradation in the 
provision of several of its critical ecosystem services have emerged.  
 
In addition to the presence of critical ecosystem services degradation, the coastal ecosystem has 
also been vulnerable to other threats that exert pressure. The number of kilns approved for operation 
in the 2010-2019 working plan was 489 and it is currently the highest it has ever been since the 
1960-1969 working plan (Roslan and Nik Mohd. Shah, 2014). This number exceeds the early 
management forecast and recommendation of a maximum number of 418 kilns (Noakes, 1952). It 
should also be noted that during the last four years, approximately 300 hectares of state land 
4 
 
bordering the MMFR were converted to shrimp ponds. Some of the more recently established 
shrimp ponds are within close proximity of the Pulau Kelumpang, an important habitat for 
migratory birds and the endangered Milky Stork. Although these ponds are not located in the 
boundaries of the managed mangrove forest reserve, the operation of these ponds requires that sea 
water be drawn and discharged into the area, an action capable of affecting the provision of other 
ecosystem services at the MMFR.  
 
Furthermore, several studies have identified human settlement along the mangrove reserve estuary 
as a potential source of anthropogenic pollution that has contaminated the surface water and 
sediments of the deltaic estuarine system with various potential pathogenic bacteria (Ghaderpour et 
al., 2014; Yusoff et al., 2005). The study postulated that the anthropogenic influences on water 
quality would eventually lead to the contamination of fishery and aquaculture products posing a 
high health risk to the public. These could potentially affect two of the most important socio-
economic activities at the MMFR. 
 
The prevailing signs of ecosystem services degradation and the presence of external threats which 
increase the vulnerability of the coastal ecosystem, provide an indication that there is room and 
perhaps a need, for the consideration of alternative management strategies that could help improve 
the ecological outcomes at the MMFR (Ong, 2005). It is the objective of this thesis to assess the 
potential of integrating a climate change mitigation mechanism (the Reduced Emissions from 
Deforestation and Forest Degradation Plus (REDD+)) into the formulation of the management 
strategy at the MMFR as part of an alternative management option. 
 
RESEARCH PROBLEM: 
Can REDD+ be integrated into the management of the Matang Mangrove Forest Reserve in 
Malaysia to improve ecological, financial and economic outcomes? 
 
1.3 Research questions 
 
Mangrove forests around the world provide a variety of ecosystem services. Although in general 
most of the ecosystem services are similar, it is crucial to note that different mangrove forests may 
offer different goods and services to the surrounding community (Ewel et al., 1998). The ecosystem 
services a mangrove forest provides generally hinges on the type of forest, the management regime, 
the interaction between the community and the forest, and various socioeconomic factors. 
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Therefore, analysing and understanding the sociological, economic and ecological structure specific 
to the mangrove forest reserve and its implication to the integration of REDD+ is an important 
pretext to answering the research problem. The assessment of these factors is the essential building 
block in the development and establishment of a REDD+ project in the study area. Four research 
questions have been developed to achieve this objective and to provide a comprehensive assessment 
of the possibilities of integrating REDD+ into the management of the MMFR.  
 
The first research question relates to the assessment of the unique structural characteristics of the 
MMFR and entails an investigation into the possible advantages of developing a REDD+ pilot 
project in the study area. It is designed to assess and provide different perspectives of the proposed 
integration and evaluate the implications it has on the mangrove forest reserve, the management 
regime and the climate change mechanism. It is the first building block in the basic rationale behind 
the integration of a REDD+ project in a production mangrove forest in Malaysia. The first research 
question is as follows: 
 
RESEARCH QUESTION 1: 
Can the Matang Mangrove Forest Reserve provide a suitable area to develop a REDD+ 
initiative in Malaysia? 
 
REDD+ is designed to embrace and promote the co-benefits that culminate from the reduction of 
activities that would otherwise result in forest-based emissions. These co-benefits, also known as 
non-carbon benefits, include food and water security, biodiversity protection, poverty reduction and 
the improved livelihood of forest dependent communities. Because the proposed integration of a 
climate change mechanism is in a mangrove forest reserve that has been deemed to have been 
sustainably managed and one that provides multiple ecosystem services, the thesis would need to 
assess the state of all the co-benefits or ecosystem services that are generated by the mangrove 
forest reserve.  
 
This requires an in-depth analysis on how human-related forestry activities have affected the 
delivery of the other ecosystem services in the MMFR. To do this effectively, the thesis needed to 
identify a technique that was repeatable, cost effective and reliable - a technique that would remain 
useful in the monitoring, reporting and verification activities of a future REDD+ project if it was 
found be viable. The only method that could have provided the thesis with the flexibility to perform 
such an analysis was remote sensing. This led to another important research question: 
 
6 
 
RESEARCH QUESTION 2: 
What role can Landsat satellite image data play in the ecological monitoring and management 
of the Matang Mangrove Forest Reserve? 
 
The identification of the most suitable satellite imagery dataset and the appropriate application of 
remote sensing methods in Research Question 2 enabled the thesis to conduct an assessment on 
several key ecosystem services – a key determinant in the analysis of the climate change mitigation 
potential at the MMFR. The third research question is as follows: 
 
RESEARCH QUESTION 3: 
What is the state of key ecosystem services at the Matang Mangrove Forest Reserve and how 
have timber extraction activities impacted them? 
 
A final and critical research question is whether an instrument of global climate policy such as 
REDD+, which has broadened the scope of the initial climate change mitigation mechanism to 
include conservation, sustainable management of forests and the enhancement of forest carbon 
stocks (Lawlor, 2010; Pistorius, 2012), can alter economic incentives to favour full or part 
protection of the mangrove forest reserve (Murray et al., 2011). The thesis analyses the economic 
potential to avoid carbon emissions in the MMFR. The fourth research question is as follows: 
 
RESEARCH QUESTION 4: 
Can integrating REDD+ programs provide enough incentive to conserve and restore the 
Matang Mangrove Forest Reserve? 
 
1.4 Significance of the research 
 
The research presented in this thesis builds on recent advancements in the areas of REDD+, blue 
carbon and the development of mechanisms enabling the production of carbon offsets in mangrove 
forests. It focuses on analysing the compatibility of integrating REDD+ into the management of a 
production mangrove forests in Malaysia. The fact that the study area has been sustainably managed 
for timber extraction for more than a century allows the assessment of the integration in a very 
unique and unexplored scenario. The integration of the assessment of ecosystem services with 
spatial analysis enables the research to breakdown and view individual ecosystem service 
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components of the MMFR methodically. This allows for the assessment and valuation of co-
benefits that may arise from the production of carbon offsets.  
 
Generally, the thesis makes a significant contribution towards Malaysia’s commitment to adopt a 
voluntary reduction of 40 percent in terms of GDP emissions by 2020 (Basri et al., 2015; Khor and 
Lalchand, 2014). It has the potential to provide the country with nature-based solutions for climate 
change mitigation and adaptation strategies which could help contribute to the overall global effort 
of combating climate change. The formulation of an effective national management regime for 
mangroves could help build social resilience to climate change and support sustainable economic 
growth. This research also highlights Malaysia’s substantial blue carbon mitigation potential and 
build towards capacity building, and the further development of demonstration projects. 
 
More specifically, and from the perspective of the management regime of the MMFR, this thesis is 
a step towards refining its management strategy and enhancing the region’s role in climate change 
mitigation. The study provides an insight into the role of integrating carbon and timber management 
in supporting multiple ecosystem services. The development of future the MMFR working plans 
could also benefit from the classification and mapping of the ecosystem services. The research will 
help foster a better understanding of the dynamics of governance and management of ecosystem 
and ecosystem services by attempting to identify the appropriate mix and balance of ecosystem 
services. Better understanding will enable manipulations of the management strategies to decrease 
trade-offs, enhance synergies, and promote resilience and sustainable use of ecosystem services. It 
is hoped that our improved understanding of the trade-offs and synergies that arise from the 
provision of multiple ecosystem services could lead to a better foundation for formulating 
management strategies of mangrove forests.  
 
The findings of this research are expected to have a substantial impact on climate change mitigation 
and adaptation strategies, and to the development of REDD+. Ultimately, the research aims to 
support successful integration of natural and human capital through the encouragement of 
incorporating ecosystem services assessment and valuations in decision making; a matter of utmost 
importance.  
“Nevertheless the importance of incorporating ecosystem services within policy appraisal 
and decision making techniques cannot be understated; it is literally a life and death issue 
of the future of human society and the difficulties raised cannot be shirked or the task 
ignored. Many would argue that there is no more important issue facing the natural and 
social sciences today.” (Bateman et al., 2011, p. 210) 
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1.5 Thesis structure 
 
1.5.1 Part 1: Introduction, Literature review and Description of Study Area 
 
Part 1 consists of the introduction (Chapter 1), literature review (Chapter 2) and the description of 
the study area (Chapter 3). In Chapter 1, the research problem, research questions and research 
justifications are briefly explained. In Chapter 2, several key concepts that are central to the 
foundation of the thesis are introduced and reviewed. Chapter 2 briefly provides an overview of the 
status of mangroves in Malaysia. It also discusses the concept of blue carbon, REDD+ and the 
framework of ecosystem services. A detailed description of the study area is provided in Chapter 3. 
 
1.5.2 Part 2: Research Methodology 
 
As the entire results and discussion section have been written in a journal paper format, Part 2 of the 
thesis presents an overview of all the research methodologies employed at different stages of the 
research. Methods which have not been discussed in greater detail in the journal format papers are 
described in Chapter 4.  
 
1.5.3 Part 3: Results and Conclusions 
 
Part 3 includes the results, analysis and conclusion of the thesis. The research was structured to 
revolve around five peer-reviewed research articles that form coherent chapters of this thesis. These 
chapters, (Chapter 5, Chapter 6, Chapter 7, Chapter 8 and Chapter 9), corresponds respectively to 
the research questions that have been raised in this thesis. Research question 4 is addressed by two 
chapters (Chapter 8 and Chapter 9). 
 
1.5.3.1  Overview of Chapter 5 
 
In Chapter 5, the general rationale behind the proposed establishment of a blue carbon-based 
REDD+ project at the MMFR is analysed and discussed. This chapter is written in a journal paper 
format that has been published in the Journal of Tropical Forest Science.  
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Paper Title: 
Ammar, A.A., Dargusch, P. & Shamsudin, I (2014). Can Matang Mangrove Forest Reserve provide 
the perfect teething ground for a blue carbon based REDD+ pilot project? Journal of Tropical 
Forest Science, 26:3, 371-381. 
 
Main message of paper: 
Evaluating the possibilities of integrating REDD+ into the management of the MMFR and 
identifying the possible advantages it could provide in the future development of the climate change 
mechanism. 
 
Target audience for paper: 
The study is targeted at audiences interested in the development of REDD+ activities and the 
establishment of such activities in a production mangrove forest. 
 
Research aim and objectives: 
The aim of this study is to explore the possibilities and advantages of integrating a blue carbon 
based project at the MMFR. The objective is to assess and identify the potential synergistic values 
that the MMFR can offer in the development of the climate change mechanism. 
 
1.5.3.2  Overview of Chapter 6 
 
Chapter 6 explores and evaluates remote sensing techniques that could be used to assess the co-
benefits generated by the MMFR. Indirectly, it also provides the study with a preliminary look into 
the tools and methods available for the monitoring, reporting and verifying process in the event of 
the establishment of a REDD+ project at the MMFR. This chapter is written in a journal paper 
format and has been submitted and is currently being reviewed for publication in the journal 
Wetlands, Ecology and Management.  
 
Paper Title: 
Monitoring, planning and managing a production mangrove forest in Malaysia using the Landsat 
image archive 
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Main message of paper: 
Monitoring of forest composition, age and structural properties for carbon accounting and 
management mangrove ecosystems is feasible using the publicly available Landsat archive – results 
demonstrated for the Matang Mangrove Forest Reserve, Malaysia. 
 
Target audience for paper: 
The study is targeted at audiences that are interested in the practical application of viable, cost 
effective and practical remote sensing techniques in the ecosystem management of a production 
mangrove forest. 
 
Research aim and objectives: 
The aim of this study is to explore the capabilities and limitations of practical ecological 
applications of remotely sensed data obtained from Landsat in combination with ancillary forest 
inventory data in the ecosystem planning and management of a production mangrove forest in 
Malaysia. The objective is to assess the accuracy of Landsat Thematic Mapper Data for mapping 
mangrove:  species, stand age and above ground biomass for the Matang Mangrove Forest Reserve, 
Malaysia. 
 
1.5.3.3  Overview of Chapter 7 
 
In Chapter 7, the methods found to be efficient and reliable in the previous chapter are applied in 
the assessment of several key ecosystem services at the MMFR to determine the viability of 
implementing a REDD+ project. This chapter is also written in a journal paper format. The paper is 
currently being reviewed for publication by the journal Remote Sensing of Environment.  
 
Paper Title: 
Investigating the decline of ecosystem services in a production mangrove forest through the 
application of remote sensing techniques 
 
Main message of paper: 
This study applies remote sensing techniques to assess the impact of the silvicultural practices 
employed at the Matang Mangrove Forest Reserve on the provision of its ecosystem services. 
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Target audience for paper: 
It is targeted at audiences that are interested in the integration of remote sensing in the management 
and planning of a production mangrove forest. 
 
Research objectives: 
The main objective of this study is to investigate three ecosystem services provided by the Matang 
Mangrove Forest Reserve that has been showing signs of deterioration. It uses remote sensing 
techniques to analyse the change in the distribution of stand age composition and structure over a 
period of 35 years. The results are used as a proxy to assess variations in the temporal and spatial 
distribution of above-ground biomass of the mangrove forest reserve. The observed variations are 
then related to:  (1) the production of blood cockles (2) migratory bird populations and (3) 
greenwood yield in Matang Mangrove Forest Reserve. 
 
1.5.3.4  Overview of Chapter 8 
 
In Chapter 8, the study applied stakeholder identification and analysis techniques to place the right 
holders at the centre of the design, implementation and management of a REDD+ process. The 
Chapter reports the findings of an ecosystem services and stakeholder analysis and ecosystem 
services mapping. This chapter is written in a journal paper format. The paper is currently being 
reviewed for publication by the journal of Land Use Policy. 
 
Paper Title: 
Assessing the potential of REDD+ in a production mangrove forest in Malaysia using stakeholder 
analysis and ecosystem services mapping.  
 
Main message of paper: 
To evaluate the feasibility of integrating REDD+ project at the Matang Mangrove Forest Reserve 
from a stakeholder and ecosystem services structural perspective. 
 
Target audience for paper: 
This study should be of particular interest to those with interest in subjects relating to the integration 
of climate change mechanisms in the management of coastal ecosystems. 
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Research aim and objectives: 
The objective of this paper is to perform a comprehensive assessment to provide a preliminary 
appraisal of the proposed integration. This paper aims to provide a three-fold contribution to the 
growing literature and development of REDD+ programs in mangrove forests in particular. Firstly, 
it presents an assessment of implementing REDD+ in a production mangrove forest in Malaysia by 
conducting a stakeholder identification and analysis in combination with an ecosystem services 
identification, analysis and mapping exercise. Secondly, it contributes to the discussion of REDD+ 
tenure obstacles by addressing the key elements of tenure security at the MMFR. Thirdly, since 
most of the early initiatives in implementing ‘blue carbon’ based REDD+ programs in mangrove 
forests have been strictly focused on conservation and restoration efforts (Alongi, 2011), it provides 
an insight into the possibilities of utilizing REDD+ as a management tool to achieve or increase 
sustainable outcomes in a production mangrove forest. 
 
1.5.3.5  Overview of Chapter 9 
 
Chapter 9 evaluates the integration of REDD+ from an economic and financial perspective. An 
opportunity cost analysis is presented to evaluate the possibility of using REDD+ to achieve a more 
sustainable outcome at the MMFR. This chapter is written in a journal paper format. The paper is 
currently being reviewed for publication by the journal of Ecological Economics. 
 
Paper Title: 
Using REDD+ to balance timber production with conservation objectives in a mangrove forest in 
Malaysia. 
 
Main message of paper: 
To present a comprehensive feasibility study on the integration of a proposed REDD+ project at the 
Matang Mangrove Forest Reserve from a financial and economic perspective. 
 
Target audience for paper: 
This study should be of particular interest to those with interest in subjects relating to the integration 
of climate change mechanisms in the management of coastal ecosystems. 
 
Research aim and objectives: 
The objective of this study is to evaluate the possibility of establishing a pilot blue carbon based 
REDD+ project in a production mangrove forest in Malaysia from a financial and economic 
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perspective. The paper demonstrates how different factors in the mangrove forest reserve affect the 
opportunity costs and viability of integrating REDD+ activities into the management system. It 
aims to contribute to the development and integration of REDD+ activities in mangrove forests by 
providing the first preliminary review of the major costs involved in implementing REDD+ in a 
production mangrove forest. 
 
1.5.3.6  Overview of Chapter 10 
 
Chapter 10 is the concluding chapter of this thesis. The Chapter presents and discusses the findings 
and answers to each research question and provide recommendations for future research. 
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CHAPTER 2 :                   
LITERATURE REVIEW 
 
 
2.1 Mangroves in Malaysia 
 
Mangrove forests are one of the 10 types of forest found in Malaysia (Symington et al., 2004). They 
are largely river dominated but also occur on islands such as of the coast of Selangor and Johor. The 
adaptations of the mangrove fauna and flora to tidal inundation, salinity, soil type and structure and 
topography result in zonation of the mangroves on coastal estuaries, rivers and islands in Malaysia. 
There is a very high diversity of true mangrove tree species in Malaysia.    
 
Mangrove forests in Malaysia fall under the jurisdiction of the respective State Forest Departments. 
Recent estimates have put the figure of Malaysia’s total mangrove forests coverage to be in the 
region of 505,386 ha – 577,558 ha (FAO, 2007; FDM, 2004; Giri et al., 2011; Latiff and Faridah-
Hanum, 2014; Tan and Basiron, 2000; Wan Juliana et al., 2014). That places Malaysia as the 6th 
largest mangrove area in the world after Indonesia, Australia, Brazil, Nigeria and Mexico. As 
depicted in the Table 2-1, there are discrepancies in the range of estimates in the current literature 
with regards to the areal extent of mangrove forests in Malaysia. This can be attributed to various 
factors such as the differences in methodologies, classifications and mapping scales. The most 
recent estimate of Malaysia’s areal extent differed from previous estimates, as it only included 
mangrove vegetation and had ignored water bodies and barren land (Giri et al., 2011). However, the 
mapping of the status and distribution of mangroves using Global Land Survey (GLS) and Landsat 
archive omitted mangrove forests along the coasts and canal, as they are unable to detect small 
patches of area that are less than 900-2700m². 
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Table 2-1:  Estimate of the total mangrove forest coverage of Malaysia. 
 
Source Method Sample Year Area 
 
Tan and Basiron (2000) 
 
? 2000 577,558 
 
Forestry Department of 
Malaysia (2004) 
 
? 2004 566,856 
FAO (2007) 
Personal communication with the 
Natural Resources and Environment 
Minister 
2005 564,971 
Giri et al. (2011) 
GLS data for 2000 supplemented by 
Landsat imagery and secondary data 
from the FAO global mangroves 
database 
1997-2000 505,386 
Latif and Faridah-Hanum 
(2014) 
? 2005 564,606 
 
Wan Juliana et al. (2014) 
? 2005 560,579 
 
Although it is asserted that this will not make a substantial difference in the total area (Wilkie and 
Fortune, 2003), it should be noted that mangroves in Malaysia are largely river-dominated (Thom, 
1982) and this could have contributed to the huge decrease in the total area estimate. There is a need 
to accurately estimate and update the current figures as this would help improve the estimation of 
Malaysia’s mangrove forests carbon stock. This is particularly essential in determining the current 
mitigation potential and assessing the financial and economic impact blue carbon would have in the 
mangrove forests of Malaysia. 
 
Malaysia lost approximately 111,046 ha of mangrove forests during the period of 1973-2000 due to 
unsustainable forestry practices, illegal harvests, agriculture, aquaculture, construction of airports 
and harbours, industrialization and urbanization, land reclamation for coastal development, and 
waste disposal and pollution (Chong and Sasekumar, 2002). During that time period, specific losses 
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in five states in Malaysia due to anthropogenic impacts were between 20%-70% (Chan et al., 1993). 
The most significant losses have been in Peninsular Malaysia where large areas have been 
converted into coastal roads, agricultural land and housing estates. The development of aquaculture 
has not had a major impact on land-use change for mangrove forest in Malaysia (Giesen et al., 
2006). The 2004 tsunami that devastated much of the coastal areas bordering the Indian Ocean 
served as a catalyst for change in the intensity of coastal management policies in Malaysia and 
drastically changed the overall perception towards mangrove forests. It led to widespread 
environmental awareness and a surge of interest in protecting the coastal and marine ecosystem. 
There has been a relatively small loss of mangroves over the past seven years, due to a moratorium 
on mangrove deforestation and more recently to affirmative government effort to replant 
mangroves. The Malaysian government embarked on an intensive program of replanting mangroves 
along the coastal areas in 2005. A total of 106 mangrove replanting areas were identified and it 
covered areas in Penang, Selangor, Perlis, Perak, Pahang and Terengganu (Hamdan et al., 2012). 
 
Table 2-2 provides the breakdown of mangrove forest coverage in all the states of Malaysia. Some 
of the most recent estimates of the mangrove forests in Peninsular Malaysia ranges between 
104,181 ha (Chong, 2006) and 107,802 ha (Jusoff and Taha, 2008). However, the Forestry 
Department has estimated an area of 99,767 ha. These forests are predominantly located on the 
sheltered west coast that borders the Malacca Straits, while mangrove forests located on the east 
coast facing the South China Sea are found in small areas and are mainly confined to the river 
mouths. The Malaysian government has gazetted and designated a total area of 86,091 ha of 
mangrove forests in the Peninsular Malaysia as Permanent Reserved Forests. The research site is 
the largest mangrove forest in the peninsular of Malaysia. It accounts for more than 93 percent of 
mangrove area found in the state of Perak and represents the third largest Mangrove area in 
Malaysia. 
 
The extraction of timber from mangrove forests in Malaysia are primarily for fuelwood, charcoal, 
timber, poles and the construction of fish traps. The swamp palm is harvested mainly for the non-
wood forest products such as housing thatch, cigarette paper, sugar, alcohol and vinegar (FAO, 
2007). It is a major source of primary production that provides food, as well as shelter and 
sanctuary for a variety of terrestrial and marine fauna (Chong, 2006). Its physical structure acts as a 
buffer against tsunamis (Teh et al., 2008), tropical storms and coastal erosion. Research has also 
been performed to evaluate the potential use of its timber for the production of high grade garden 
furniture (Nik Adlin et al., 2009).  
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Table 2-2:  The breakdown of mangrove forest coverage of Malaysia. 
 
  Area in Hectares 
State Forest Reserve Stateland Total 
Johor 17,185 3,348 20,533 
Kedah 8,118 - 8,118 
Kelantan - 744 744 
Melaka 80 - 80 
Negeri Sembilan 204 - 204 
Pahang 2,416 1,850 4,266 
Pulau Pinang 279 494 773 
Perak 41,617 1,885 43,502 
Perlis - 13 13 
Selangor 14,897 4,650 19,547 
Terengganu 1,295 692 1,987 
Sabah 317,423 23,266 340,689 
Sarawak 33,200 93,200 126,400 
Total Area 436,714 130,142 566,856 
 
Source:  Adapted from (Jusoff and Taha, 2008). 
 
The majority of coastal communities living within or at the fringes of the mangrove forests in 
Malaysia are still dependent on the ecosystem for their livelihood. The mudflats are habitats for 
various types of crabs, shellfish, fish and prawns that are of economic value (Jusoff and Taha, 
2008). There is still a small segment of the community that also harvest the mangrove forests for its 
medicinal properties, such as the bark of Rhizophora which is used to heal fractures, cure diarrhoea 
and stop haemorrhages (Jauris and Andy, 2009). 
 
Mangrove forests offer a retreat for nature and wildlife lovers. It is also a location for recreational 
fishing. Fireflies found at river estuaries have also been a major ecotourism attraction, such as in 
Kampong Kuantan, Selangor; Kampong Yakyoh, Terengganu; Delta Kelantan, Sungai Lebam, 
Johor; and Kuala Linggi, Negeri Sembilan/Melaka (Jusoff and Taha, 2008). 
 
It is important to note that there are significant differences in the characteristics of mangrove 
ecosystems throughout Malaysia. These differences, which are not just constrained to the localities 
of the forest but also within the individual stands of the mangrove forests (Ewel et al., 1998), 
determine the goods and services that are provided by the ecosystem. Thus, although a broader 
picture of the worth of a mangrove forest may be derived from the generalisation of goods and 
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services produced by mangrove forests, the identification and characterisation of the individual sites 
and landscapes (such as the MMFR in this study) would be more useful in providing accurate 
information that determines its potential value to society. 
 
2.2 Blue carbon 
 
The carbon captured and stored by coastal marine and wetland ecosystems is commonly referred to 
as ‘blue carbon’ (Murray et al., 2011; Nellemann et al., 2009). Mangroves, salt marshes and 
seagrasses cover less than 0.2% of the sea bed but account for around 50% - 71% of the total carbon 
storage in ocean sediments (Duarte et al., 2004). Over half of the carbon from photosynthetic 
activity in the world is captured by living marine organisms (Arrigo, 2005; Bowler et al., 2009). 
The plant biomass in the ocean which comprise only 0.05% of plant biomass on land, cycles a 
comparable amount of carbon each year (Bouillon et al., 2008). These facts make mangrove forests 
one of the carbon-richest natural ecosystem sinks in the world. 
 
The issue of climate change and the creation of carbon markets have also introduced a new 
dimension to the valuation equation of these coastal habitats. Blue carbon allows for the valuation 
or the assignment of a monetary value on mangrove forests conversion. It has the potential to level 
the playing field where land use change decision making process is concerned. The conversion of 
mangrove forests for urban development or aquaculture may soon be weighed against an ecosystem 
service that can be valued via carbon, a tradable commodity and has an observable and constantly 
updated price. This reduces the influence of complex ecological and economic relationship in the 
valuation process and there is, to a certain extent, ‘clarity’ in the valuation of an ecosystem service 
provided by mangrove forests. This provides stakeholders with an essential tool during costs and 
options comparison decision making processes. Inevitably, this will subsequently enable a public 
good to be gauged and formulated into policies that affect the conservation and management of a 
vital ecosystem, mangrove forests.  
 
Blue carbon has the potential to play a pivotal role in the creation of a mechanism designed to 
provide stakeholders with enough economic incentives to encourage the rehabilitation and 
conservation of mangrove forests (Murray et al., 2011). This mechanism could very well be a new 
and effective risk management tool for coastal habitat management and has far reaching impacts on 
policies governing these valuable ecosystems. Apart from being a possible conversion habitat 
deterrent mechanism that also promotes conservation and preservation of mangrove forests, blue 
carbon could also provide stakeholders with a tool that could present multiple benefits for climate 
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change mitigation and adaptation, along with additional co-benefits such as an enhanced nursery 
ground for fish or a natural barrier for storm protection. 
 
Blue carbon was formally introduced into the official international climate change policy discussion 
on the 6th of June 2011 at the 34th session of the Subsidiary Body for Scientific and Technological 
Advice (SBSTA), a body that provides advice to the Conference of Parties on scientific, 
technological and methodological matters. Previously, only a small scale Clean Development 
Mechanism (CDM) A/R methodology (AR-AM0003) covered mangrove forests. Recently, in May 
2011, a large scale CDM A/R methodology (AR-AM0014) was approved and adopted under the 
UN climate change convention’s Kyoto Protocol. This methodology includes soil organic carbon in 
accounting for carbon stock changes. The production of carbon offset via the CDM may not be 
applicable for the MMFR because avoided emissions of mangrove forests cannot be credited under 
the CDM. However, it provides the research with a set of credible methodologies in accounting for 
carbon stock change that have been through a thorough and rigorous approval process.   
 
Under the concept of Reduced Emissions from Deforestation and Forest Degradation (REDD+), the 
eligibility of mangroves is dependent on a country’s definition of forest. Malaysia’s current forest 
definition is a 30% minimum crown cover, 0.5 ha minimum land area and a minimum tree height of 
5m. This makes the MMFR eligible under REDD+. Although potential difficulties in monitoring, 
reporting and verifying process of REDD+ pertaining to soil carbon may be an issue, it will not 
hinder this mechanism to be implemented as the phased-approach design of REDD+ will allow 
countries to seek technical support and financial support (O'Sullivan et al., 2011). The efforts of 
including blue carbon in the SBSTA discussions to consider a broader set of LULUCF could also 
be a step towards enhancing the mechanism’s effectiveness in climate change mitigation. 
 
Currently, there is no potential option for the production of carbon offsets under regional or 
domestic trading schemes in Malaysia. However, the MMFR has the potential to produce carbon 
offsets under the voluntary carbon market. Although it represents only 3% of the value of the 
regulated carbon market, the voluntary market  has the tendency to be more receptive to new types 
of projects that may not be covered by the regulated market (O'Sullivan et al., 2011). The Verified 
Carbon Standard (VCS) is currently the largest voluntary market and offers requirements and rules 
for five eligible AFOLU project categories which are Afforestation, Reforestation and Revegetation 
(ARR), Agricultural Land Management (ALM), Improved Forest Management (IFM), Reduced 
Emissions from Deforestation and Forest Degradation (REDD) and Peatland Rewetting and 
Conservation (PRC). The average credit price for an A/R project under the voluntary scheme in 
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2009 was US$4.6 per tCO2e. In 2010 the CDM CERs were trading at US$18.82 per tCO2e and the 
REDD projects averaged only US$2.90 per tCO2e (O'Sullivan et al., 2011). 
 
2.3 REDD+ 
 
Reducing Emissions from Deforestation and Forest Degradation Plus (REDD+) includes 
conservation, sustainable management of forests and the enhancement of forest carbon stocks. The 
concept was designed to embrace and promote the co-benefits that culminate from the reduction of 
activities producing in forest-based emissions. These co-benefits, also known as non-carbon 
benefits, include food and water security, biodiversity protection, poverty reduction and the 
improved livelihood of forest dependent communities.  
 
REDD+ is viewed as one of the most important policy instruments to emerge from the international 
climate change mitigation discourse because of its wide implication on socioeconomic and 
ecological outcomes at local, subnational, national, regional, and global levels (Agrawal et al., 
2011; Westholm et al., 2011). It is viewed as one of the most important and advanced concept to 
have emerged from international climate change policy negotiations and has also been touted as an 
effective and low cost solution to climate change mitigation (Stern, 2007). Designed to emulate a 
form of payment for ecosystem services (PES), it was originally conceptualized in the context of 
terrestrial forests. Recently, progress has been made by the UN Collaborative Programme to 
accommodate mangrove forests in REDD+ activities (Lovelock and McAllister, 2013). 
 
Malaysia joined the UN-REDD Programme in 2012 and it is currently in the early stages of 
developing a national REDD+ framework (Niall et al., 2013). Currently, there are no official 
REDD+ projects in Malaysia. The National REDD+ Readiness phase is geared towards developing 
the national framework which includes (Niall et al., 2013): 
 
1. The policy, legal and institutional components for REDD+  
2. Exploring and providing recommendations on sustainable financing mechanism for REDD+ 
implementation  
3. Improving capacity and stakeholder participation in REDD+ management  
 
The general aim of the National REDD+ strategy is to enhance the conservation of forest and 
reduce forest degradation. In Malaysia, REDD+ activities will be coordinated at the national level, 
with its implementation at the state level. The REDD+ framework being developed for Malaysia is 
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primarily focused on Permanent Reserved Forest and Protected Areas. The MMFR has been 
gazetted as Permanent Reserved Forests and according to the current national readiness plan, it is 
technically eligible to be considered for the implementation of REDD+ activities. 
 
The ability to implement effective and equitable REDD+ projects is often influenced by concerns of 
poor governance and insecure land tenure (Larson, 2011; Sunderlin et al., 2009), organizational 
fragmentation and complex sociological, ecological and economic factors (Law et al., 2012), and 
technical complications in developing the monitoring, reporting and validation process (Herold and 
Skutsch, 2011). These complexities result in more effort being spent on solving organisational 
matters, often at the expense of the operationalization of the mechanism itself. The implementation 
of a pilot REDD+ ‘blue carbon’ project in the MMFR has the potential to avoid many of these 
complex tenure and governance issues and could provide teething good case study to test the 
initiative (Ammar et al., 2014c). A pilot study of this type could also potentially be a significant 
step towards achieving Malaysia’s commitment to a voluntary emissions reduction target of 40% 
(in terms of gross domestic product) by 2020, and aid in the development and implementation of its 
ongoing National REDD+ Framework. Perhaps more importantly, REDD+ could potentially 
provide the forest management authority with an incentive to balance timber production and 
conservation objectives, leading to better socio-ecological outcomes. On this premise, this thesis 
evaluates the potential advantages that might arise from implementing a blue carbon based REDD+ 
program in the MMFR.  
  
2.4 Ecosystem Services 
 
An ecosystem is a dynamic complex of plant, animal and micro-organism communities and their 
non-living environment interacting as a functional unit. (Millennium Ecosystem Assessment, 2005). 
The benefits that people derive directly or indirectly from an ecosystem are called ecosystem 
services (Costanza, 1997; Millennium Ecosystem Assessment, 2005). This thesis assesses the 
impact and effect of forest management activities on the provision of multiple ecosystem services at 
the MMFR. Due consideration is given to these services as a whole, not only to enhance our 
understanding of the relationship that exists between these services but also because this 
relationship may result in a positive or negative impact on the other services (Heal et al., 2005; 
Tallis et al., 2008). 
 
The ecosystem services analysis in this thesis will adopt the typology that has been proposed by 
TEEB (TEEB, 2010). It consists of 22 types of ecosystem services that are divided into 4 main 
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categories; provisioning’ regulating, habitat, and cultural and amenity services (TEEB, 2010). The 
omission of the Supporting Services in TEEB’s typology, a category which was initially adopted by 
the Millennium Assessment, was due to the view that services such as nutrient cycling were seen as 
a subset of ecological process (Millennium Ecosystem Assessment, 2005; TEEB, 2010). The 
typology of ecosystem services adopted by TEEB (2010) is listed in Table 2-3. 
 
Table 2-3:  Typology of ecosystem services in TEEB. 
 
MAIN SERVICES TYPES 
PROVISIONING SERVICES 
1 Food  
2 Water  
3 Raw materials  
4 Genetic resources  
5 Medicinal resources  
6 Ornamental resources  
REGULATING SERVICES 
7 Air quality regulation  
8 Climate regulation  
9 Moderation of extreme events 
10 Regulation of water flows  
11 Water treatment 
12 Erosion prevention 
13 Maintenance of soil fertility (incl. soil formation) and nutrient cycling  
14 Pollination  
15 Biological control 
HABITAT SERVICES 
16 Maintenance of life cycles of migratory species 
17 Maintenance of genetic diversity 
CULTURAL AND AMENITY SERVICE 
18 Aesthetic information  
19 Opportunities for recreation and tourism 
20 Inspiration for culture, art, and design 
21 Spiritual experience 
22 Information for cognitive development 
 
Source:  Adapted from (Costanza, 1997; Daily et al., 2009; de Groot et al., 2002; Millennium Ecosystem Assessment, 
2005; TEEB, 2010) 
 
Figure 2-1 is an illustration of the possible trade-offs between provisioning and regulating 
ecosystem services. Whilst TEEB (2010) recognises that there is an interaction between different 
ecosystem services which are interlinked in a complex way, the example of the potential trade-offs 
reflects a rather simplistic look at the inherent relationship between the different services forests 
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provide. The three different curves represented on the figure reflects the range of possible trade-offs 
between the two services. Curve A reflects a rapid loss of regulating services when the ecosystem is 
managed to increase provisioning services. Curve B describes a linear relationship between the 
services which is a rather unrealistic reflection of the relationship between ecosystem services in the 
real world (Barbier et al., 2008). Curve C represents a scenario in which provisioning services can 
be increased to a significant level before the rapid decline of regulating services actually sets in. 
 
Figure 2-1: Potential trade-offs between provisioning services and regulating ecosystem services. 
 
Source:  Adapted from TEEB (2010). 
 
Although the illustration provides a general idea of how dynamic ecosystem services relationships 
can be, its rather simplistic representation of the trade-offs fails to accurately depict the total impact 
of interaction between the ecosystem services. For example, harvesting of wood (provisioning 
services) may have a negative impact on carbon sequestration (regulating services). An assessment 
would first need to be carried out to specifically identify the trade-offs that the relationship would 
generate, either A, B, C or otherwise. In addition, the trade-offs are not a two dimensional problem. 
For example, minimizing wood harvest could not only result in an increase in carbon sequestration 
capabilities, but could also lead to incremental improvement in other services such as the storm 
protection or the provision of nursing grounds for fish. Due consideration should also be given to 
the fact that these ecosystem services respond on different temporal and spatial scales (Tallis et al., 
2008). 
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Some of the possible types of trade-offs which are not mutually exclusive that could possibly be 
observed are (TEEB, 2010): 
 
1. Temporal trade-offs: where benefits are derived now but cost are incurred later. 
2. Spatial trade-offs: where benefits are derived in a location A but the costs are incurred at 
location B. 
3. Beneficiary trade-offs: some win – others lose. 
4. Service trade-offs: The management of an ecosystem to maximise one particular service 
results in the loss or reduction of other services.  
 
The factors that contribute to the successful implementation of REDD+ programs are site specific 
and will be dependent on the ecological characteristics of the MMFR. Therefore, part of the 
research plan of this thesis has been structured to include characterising and mapping the ecosystem 
services of the MMFR. Quantifying ecosystem services in a spatially explicit manner, and analysing 
trade-offs between them, will help to make natural resource management decisions more effective 
and efficient (Nelson et al., 2009). The location specific process will also ensure that the demand 
for these services, which ultimately defines the value of the ecosystem services provided, is 
encompassed in the analysis.  
 
2.5 Ecosystem services valuation 
 
Since Gretchen Daily’s (1997) ‘Nature’s Services’ fuelled an escalation of interest in the field of 
ecosystem services, there has been a trend in environmental management and ecological economics 
literature of using the concept of ecosystem services as means to assess and ‘capture’ the value of 
nature (Wallace, 2007). In prominent studies such as Costanza et al. (1997) , De Groot et al. (2002), 
Millennium Ecosystem Assessment (Millennium Ecosystem Assessment 2005), Farber et al. 
(2006), The Economics of Ecosystems and Biodiversity (TEEB 2010) and the United Kingdom 
National Ecosystem Assessment (UK NEA 2011), the role of ecosystem services has evolved in 
framing the economic assessment and valuation of ecosystems. 
 
The need to place proper valuation on environmental goods and services has always been seen as a 
crucial step towards the conservation of ecosystems and sustainable development (Balmford et al., 
2010; Barbier et al., 1997; Costanza, 1997; Costanza et al., 1989; Farber et al., 2002; Liu et al., 
2010; Remoundou et al., 2009). The failure of explicitly measuring values of non-marketed 
ecological services provided by coastal habitats has often favoured ‘marketed’ outputs from 
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economic activities (Barbier, 2007). This causes coastal habitats such as mangrove forests to often 
make way for economic activities that are deemed to offer larger and quantifiable returns, measured 
in monetary terms. Urban development, shrimp farming, agriculture activities and wood harvests 
are some of the major economic activities that constantly pose a threat to the preservation and 
restoration of this valuable coastal habitat (Alongi, 2002; Giri et al., 2008; Valiela et al., 2001).    
 
The value of the economic outputs of these drivers of conversion and disturbance are easily 
measured and often perceived to outweigh the less easily valued ecosystem services that mangrove 
forests offer. The inability to adequately capture the value on non-tradeable ecosystem services has 
led to inefficient land use policies being implemented. It has been estimated that since the 1940s, 
the areal extent of mangrove forests has seen a 30-50% decline (Alongi, 2002; Duke et al., 2007; 
FAO, 2007; Millennium Ecosystem Assessment, 2005; Polidoro et al., 2010). These forests are 
deemed to be declining at a rate faster than inland tropical forests and coral reefs (Duke et al., 
2007).  
 
There has been intensifying efforts in addressing the economic and ecological ramifications of rapid 
and continuing loss and degradation of the world’s ecosystems. This has led to numerous 
international initiatives working towards radically changing the rather ‘defective’ global economy. 
A common objective of these initiatives or studies was to highlight the importance of incorporating 
economic tools as a method to ensure that ecosystem values were accounted for in our decisions 
concerning natural resources. Economists argue that economic valuation information of ecosystems 
would help form the basis of a well informed decision concerning the management of our limited 
natural resources (Gilgert and Zack, 2010; Lal, 2003). It is believed that such valuations would 
eventually promote and encourage sustainable consumption of resources. 
 
Ecosystems service valuation (ESV) is an economic tool that promotes the protection of our natural 
capital1 stocks that produce ecosystem services and are important to our well-being and economic 
prosperity (UK National Ecosystem Assessment, 2011) and the functioning of the earth’s life 
support system (Costanza, 1997). It is an useful tool in successful environmental protection and it 
also helps illustrate the importance of maintaining ecosystem services in determining prosperity and 
poverty reduction (TEEB, 2010). ESV is a process that embodies sound economic principles in 
                                               
1 Defined as “an economic metaphor for the limited stocks of physical and biological resources found on earth” 
according to the Millennium Ecosystem Assessment (MA2005a)  
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assessing the contributions of ecosystem services. According to Liu et al. (2010), it is an assessment 
of these contributions ability to meet three sets of broad goals which it identifies as: 
 
1. Sustainable scale - that is assessing and ensuring that the scale or magnitude of human 
activities within the biosphere are ecologically sustainable; 
2. Fair distribution – which is distributing resources and property rights fairly, both within the 
current generation of humans and between this and future generations, and also between 
humans and other species; and 
3. Efficient allocation - efficiently allocating the resources constrained and defined by goals 1 
and 2 above (including both market and nonmarket resources, and especially ecosystem 
services) for the purpose of maximising utility or human welfare. 
 
Whilst there have been many notable initiatives and proliferation of studies intended to epitomize 
the role of ESV in the advocacy of preserving our natural capital, it is not an end in itself, despite 
being fundamental in mainstreaming conservation (Daily et al., 2009). Therefore, there  is a 
growing need to integrate ESV into the formulation of our decision making process with respect to 
land-use planning and natural resources management (Daily et al., 2009). This need stems from the 
demand of not just policy makers and public agencies of local, regional and international origin but 
also businesses and consumers alike (Millennium Ecosystem Assessment, 2005; TEEB, 2010). 
Despite the growing need and demand for the incorporation of ESV into resource decision making 
processes, the progress of integration and its practical use has been rather slow (Daily et al., 2009; 
Liu et al., 2010; Naidoo et al., 2008).   
 
Daily et al. (2009) attributes this to the lack of development in science-based, policy and financial 
mechanisms that incorporate natural capital into decision making processes on a large scale. Liu et 
al. (2010) states that the incorporation of ESV in environmental decisions has been limited due to 
methodological problems that affect the credibility of the valuation estimates, legislative standards 
that preclude consideration of cost benefit criteria, and lack of consensus about the role that 
efficiency and other criteria should play in the design of environment regulations. Liu et al. (2010) 
concludes that the contribution of ESV on ecosystem management has been minimal at best. 
 
Literature on ecological services implies that natural ecosystems are “assets” that yield a flow of 
goods and benefits that are directly or indirectly enjoyed by people (Barbier, 2007; Daily, 1997; 
Millennium Ecosystem Assessment, 2005; TEEB, 2010; UK National Ecosystem Assessment, 
2011). The adoption and practical use of ESV as an economic tool in managing these assets and its 
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flows of “dividends” has not been forthcoming in an acceptable time frame. Since assets can be 
broadly defined as economic resources, an economic tool such as ESV should be adopted and 
should provide an added benefit in any decision making process concerning these assets we call 
ecosystems. There is a need for the development in the research of ESV needs to extend beyond the 
realm of academia and start having far reaching impacts on environmental decision making process. 
This thesis highlights the values of the different ecosystem services supported by the MMFR. Upon 
explicitly identifying the current allocation and composition of benefits that are being generated 
from the ecosystem and expressing these benefits in monetary terms, this thesis evaluates how an 
initiative such as REDD+ might affect the financial and economic outcomes of the ecosystem.  
 
The objective of discussing the importance of ESV in this thesis is to generate awareness and of the 
importance of including ecosystem services in the evaluation of a possible integration of a climate 
change mechanism such as REDD+. This thesis however, does not entail a full scale valuation as 
this would incur substantial time and cost beyond the scope of a higher degree research project. 
Instead it presents the relevant financial and economic data pertaining to the respective ecosystem 
services and uses this information as proxies in financial and economic analysis. The assessment of 
the management strategy alternatives in this thesis is dependent on the economic values of these 
goods and services. This thesis therefore acknowledges and assesses how multiple ecosystem 
services are interconnected because it will ultimately determine the aggregation of value of the flow 
of services in the MMFR and the viability of a REDD+ project. 
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CHAPTER 3 :             
DESCRIPTION OF STUDY AREA 
 
 
3.1 The Matang Mangrove Forest Reserve 
 
This section has been compiled based on four of the 10-year working plans of the Matang 
Mangrove Forest Reserve, Perak that have been published by the State Forestry Department of 
Perak (Azahar and Nik Mohd. Shah, 2003; Gan, 1995; Haron, 1981; Roslan and Nik Mohd. Shah, 
2014). A detailed description of the study area, management practices and the socioeconomic 
structure of the mangrove forest reserve is provided here. 
 
The MMFR is located on the north-west coast of Peninsular Malaysia. Over 85 percent of the 
MMFR is tidal swamp and 70 percent of its landscape comprises islands. It covers a stretch of 
coastline that measures 51.5 km from Kuala Gula in the North to Bagan Panchor in the south 
forming a crescent moon shape. The coastlines are irregular and characterised by extensive 
mangrove forests, mudflats, islands and shallow seas. It is bordered by agricultural plantations, fruit 
orchards, settlements, aquaculture ponds and agricultural bunds located inland.  
 
The MMFR has been sustainably managed for the production of fuel wood and poles since 1902. It 
is perhaps the oldest and only large tract of mangroves in the world that has a long and impressive 
history of sustainable management of timber extraction (FAO, 2007). The entire reserve came under 
intensive management by the Perak State Forest Department in 1908. 
 
The establishment of forest compartment as the smallest management and territorial unit in the 
MMFR has been practiced since the forest came under systematic management. The compartment 
numbers were fully assigned in 1906. There are 108 compartments and they are divided into three 
ranges known as Kuala Sepetang, Kuala Trong and Sungai Kerang. Figure 3-1 represents the forest 
ranges, felling series and compartments in the MMFR. 
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Figure 3-1: Forest ranges, felling series and compartments in the MMFR. 
 
Source:  Adapted from (Azahar and Nik Mohd. Shah 2003). 
±
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3.2 Forest types 
 
More than a hundred years of systematic management and application of silviculture practices has 
resulted in 85 percent of the total forest being dominated by pure stands of the economically 
valuable Bakau Forest (Rhizophora). It consists mainly of the commercial species of Rhizophora 
apiculata (locally referred to as Bakau Minyak) and Rhizophora mucronata (locally referred to as 
Bakau Kurap). Despite the dominance, there are other forest types within the MMFR spreading 
across a wide area, extending from the seaward side to the inland borders of the MMFR. All the 
forests types found in the MMFR are briefly described below and are shown in Figure 3-2: 
 
a. Accreting Avicennia Forest 
This is a young forest comprising stands mainly of Avicennia alba and Avicennia marina 
that dominate the mudflats of estuaries and foreshores. 
 
b. Transitional New Forest 
This forest comprises of older stands of Avicennia and intermittent newly formed stands of 
Rhizophora and Bruguiera. These forests are protected to ensure the continuity of the 
transition process. 
 
c. Berus Forest 
The Berus Forest which comprise mainly of Bruguiera cylindrical are often found at the 
seafront. It occurs mainly on the seafront and is occasionally exposed to strong tidal waves. 
Since it is inferior to Rhizophora in terms of the production of charcoal and its location 
renders timber extraction difficult, large tracts of Berus forest still occupy its original sites. 
Due to its exclusive confinement to the seaward side, the Berus forest is often referred to as 
Seaward Berus forest in the MMFR.    
 
d. Lenggadai Forest 
The Lenggadai Forest is found in locations toward the mainland and the seafront. The 
Lenggadai Forest closer to the mainland comprises of a mixture of Bruguiera parviflora and 
Rhizophora species. Lenggadai are opportunistic plants that take root quickly. It is known to 
impair the growth of the more economically valuable Bakau.     
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Figure 3-2: Forest types in the MMFR. 
 
 
 Source: Adapted from (Azahar and Nik Mohd. Shah 2003). 
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e. Rhizophora Forest 
This is a major forest type in the MMFR and comprises 85 percent of the total forested area. 
This forest is subject to intensive management and is categorised as a productive forest. It 
mainly consists of two commercial species, Rhizophora apiculata and Rhizophora 
mucronata. The current working plan for the MMFR, practices a 30 year logging cycle. 
Intermediate fellings are carried out at year 15 and year 20. The final felling is executed at 
year 30 and the replanting is performed two years after the final felling.  
 
f. Transitional Dryland Forest 
This forest characterises the point where Bakau forest is succeeded by Dryland Forest. 
Rhizophora stands are sparse and the composition of this forest is dominated by a large 
population of relic Bruguiera and the forest floor is densely carpeted with Acrostichum 
ferns.   
 
g. Dryland Forest 
It occurs in the more elevated interior of the island and mainland reserves and is 
occasionally inundated by exceptional or equinoctial tides. It marks the transition to inland 
forest and the final stage of mangrove succession. It is the richest species diversity in the all 
the forest types of the MMFR.  
 
h. Nypa Forest 
Nypa Forest in the MMFR is found in areas exposed to freshwater. Mainly found on the 
upper stretches of river banks, its undergrowth is dominated by Acrostichum ferns. The 
palms thrive, interspersed with Avicennia and Sonneratia close to the estuaries, with 
Rhizophora and Bruguiera as it progresses inland and as well as Heritiera and Excoecaria 
further inland where there is less tidal influence.  
 
3.3 Forest zoning 
 
As briefly discussed in the introduction section, the MMFR is divided into four non-overlapping 
management zones. Apart from facilitating the District Forest Officer’s duty in organising and 
planning timber extraction activity, the new forest zoning also plays an important role in 
highlighting and maintaining other ecological, protective and functional role that mangrove forest 
assume. The detailed breakdown of the areal extent of the four management zones in each of the 
three ranges in the MMFR is represented in Table 3-1. 
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Table 3-1:  Estimate of the total mangrove forest coverage in the MMFR. 
 
Range 
Compt. 
Number 
Protective 
Zone (ha) 
Restrictive 
Zone (ha) 
Productive 
Zone (ha) 
Unproductive 
Zone (ha) 
Total 
(ha) 
Kuala 
Sepetang 
1-50 
62-64 
5,164 1,369 14,357 179 21,069 
Kuala 
Trong 
51-61 
65-86 
834 480 9,560 84 10,958 
Sungai 
Kerang 
87-108 1,362 1,043 5,877 157 8,439 
Total (Ha)  
7,360 
(18.2%) 
2,892  
(7.2%) 
29,794 
(73.6%) 
420 
(1%) 
40,466 
(100%) 
 
Source:  Adapted from (Azahar and Nik Mohd Shah, 2003). 
The Protective Zone consists of an area of 3,216 ha of the New Forest, 2,492 ha of Dryland Forest 
and 1,652 ha of the Functional Forest. This ensures that 18.2 percent of the total area in Matang is 
strictly protected from timber extraction to preserve the fragile and ecologically important forest.  
 
The Restrictive Productive Zone is a new category that was introduced to address the importance of 
conserving and maintaining environmentally sensitive ecosystems, which also includes marginally 
productive forest. This category consists of 915 ha of transitional new forest, 1,641 ha of Seaward 
Berus Forest and 336 ha of transitional dryland forest. In the Seaward Berus Forest, the felling of 
Bakau is strictly prohibited. Only trees with an 8-12 cm girth are allowed to be felled and a 
minimum of one seed per tree of Bakau, Tumu and Berus per 100 m2 must be sustained. All fellings 
must be performed with a hand axe. On the other hand, in the Transitional New Forest a minimum 
girth of 6cm is enforced to compensate for the large stands of Bakau found in the area. It is done to 
prepare the sites for transition to pure Bakau stands.  
 
The Unproductive Zone is characterised mainly by the presence of agriculture bunds, embankments 
built to control the flow of water. It also includes areas taken up by canals, areas cut off by the 
bunds and canals, offices and housing quarters, jetties, permanent lakes, sites occupied by charcoal 
kiln, poles landing sites and fishing villages. The agriculture bunds alone account for 367 ha of the 
total area of 420 ha of Unproductive Zone. 
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The overall Productive Zone in the MMFR covers an area of 29,794 ha. Available forest is used to 
describe forest which is economically viable for timber extraction and unavailable forests are 
degraded, disturbed and inaccessible for timber extraction. In the 2000-2009 working plan the total 
area of available forests were 9,450 ha. The forest that were available for final were 30 years of age 
or older.  
 
3.4 Silvicultural practices 
 
The management system employed by the State Forestry Department of Perak is known as the Clear 
Felling and Planting silviculture system. The overall objective of the management plan is to create a 
sustainable high yielding stand of the highest economic value within the ecological framework of 
the MMFR. Over the years, it has evolved from a strictly economic emphasized plan to a well-
balanced management plan that takes ecological properties of the forest into consideration. 
 
Artificial regeneration plays an important role in restocking clear felled. Planting is done two years 
after final felling. Propagule planting is supplemented by the more expensive potted seedling 
technique which is often applied in areas that are affected by deep flooding or infested by crabs and 
monkeys. Rhizophora apiculata is given priority over Rhizophora mucronata, and natural 
regeneration of Bruguiera gymnorrhiza or Bruguiera sexangula are allowed to grow. 
 
Rhizophora apiculata propagules are planted in a dimension of 1.2 m x 1.2 m and Rhizophora 
mucronata propagules are planted at a spacing of 1.8 m x 1.8 m. Once planted, the mortality rate is 
continuously monitored for a period of three years. A survival rate of less than 75 percent would 
warrant for the potted seedlings technique to be implemented to ensure restocking. The result of the 
current silviculture practice is reflected in the stands of even aged mangrove forest in areas 
designated for production.  
 
3.4.1 Rotation 
 
The fixed 30 year rotation has been selected due to several major reasons. Firstly, at 30 years of 
age, the average girth size is around 14-19 cm and because the processing of charcoal is labour 
intensive, this allows billets that are cut into 160 cm in length to be handled by a single person. 
Research data that has been gathered over the years also points to a higher quantity of timber per 
unit area which results in an economic rotation with the highest return on capital value. A longer 
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rotation also creates a comparatively openness among older stands so that advanced growth could 
be established to encourage natural regeneration after final felling. This was previously achieved in 
the 1980-1989 working plan through heavy thinning, a practice that has already been abandoned 
due to the problems of monitoring the contractor extraction activities. Today, the lack of natural 
regeneration is successfully assisted by intensive planting.                                                                                                                                              
 
3.4.2 Thinning 
 
The method of ‘standard-spacing thinning’ practiced in the MMFR is carried out in two stages. 
Thinning I is carried out when the forest is 15 to 19 years of age, and Thinning II is performed 
when the forest is 20 to 24 years of age. The method is also popularly referred to as ‘stick’ thinning 
because the process involves using a stick with a fixed length of 1.2 m (Thinning I) and 1.8 m 
(Thinning II). When a good tree is selected, it is used as a centre of a circle to sweep or rotate the 
stick around. Trees that fall within the circle are removed. As market for poles exist, during the 
thinning exercise only straight poles are normally extracted and sold. A total area of 16,300 ha was 
designated for intermediate felling in the 2000-2009 working plan. 
 
3.4.3 Yield  
 
Yield regulation is aimed to ensure a constant supply of greenwood raw material for the charcoal 
industry. It helps designate harvest areas that are economically viable and ensure contractors are 
awarded areas with an acceptable volume of greenwood. The forest are characterised by three 
productivity classes. An Excellent Forest has an estimated minimum yield of 190 tonnes/ha with 
less than 10 percent of the total stands having diameter of more or equals to 7 cm at breast height 
consisting of Berus and Lenggadai. A Good Forest has an estimated yield of between 141 and 189 
tonnes/ha with less than 30 percent of the total stands having diameter of more or equals to 7 cm at 
breast height consisting of Berus and Lenggadai. A Poor Forest has an estimated yield of less than 
140 tonnes/ha with more than 30 percent of the total stands having diameter of more or equals to 7 
cm at breast height consisting of Berus and Lenggadai. 
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3.5 Socioeconomic structure 
 
3.5.1 Settlements and Population  
 
There are 34 permanent settlements located inside and are adjacent to the boundaries of the forest. 
Of these settlements, 28 are fishing villages. These villages comprise of approximately 5,300 
households of 31,800 people. They have an average of six members per household and they range 
from sizes of 12 to 400 households. The community is involved in mangrove and non-mangrove 
related economic activities.  
 
3.5.2 Charcoal Industry (Clear Felling) 
 
The extraction of greenwood for the production of charcoal is the most valuable timber product of 
the MMFR. In the 2000-2009 working plan, a total of 830 ha per annum were designated to 
contractors for clear felling. An extra 116 ha were reserved as a precautionary measure in the event 
of a shortfall in the expected yield of the allocated coupes. The total of 946 ha of forest produced 
167,610 tonnes of greenwood and based on a conversion efficiency factor of 0.27, a total of 42,255 
tonnes of charcoal. Based on the price of US$ 2392 per tonne, this generated an annual revenue of 
US$ 1.08 million for charcoal production. The income generated by the Perak State Forestry 
Department through the collection of royalties, premiums, licensing fees and fines was 
approximately US$ 597,323 per annum. 
 
There were 348 kilns involving a total of 86 contractors which were approved for operation in the 
working plan (Amir, 2005). An estimation of 2.3 ha per year is designated for each kiln. The 
burning process in the kiln to transform greenwood to charcoal requires an average of 28 days. Each 
kiln has an expected 8 number of burns or charges per year and an approximate requirement of 53 
tonnes of greenwood per burn (Amir, 2005). The kiln has an estimated cost of US$ 14,000 per unit 
and a lifespan of seven to eight years. 
 
The extraction of timber is normally performed with a chainsaw by a two-man team. They work an 
average of 20 days in a month to produce an average of eight loads of tongkang or 73 tonnes of 
                                               
2 All estimates or figures in this thesis were converted into 2013 US Dollars using the country inflation rate obtained 
from the World Bank data website (http://data.worldbank.org/indicator/FP.CPI.TOTL.ZG) accessed on 20 June 2013 
and currency rate obtained from the Federal Reserve (http://www.federalreserve.gov/releases/H10/hist/dat00_ma.htm) 
accessed on 21 August 2013. The historical rate used in this study was from 17 July 2013.  (US$ 1.00 = Malaysian 
Ringgit 3.19). 
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timber per month. The current rate for 6 tonnes is US$ 50 and this generates an approximate income 
of US$ 621 for the two-man team. The chainsaw operator earns about 70 percent of this income 
while the balance goes to the assistant. 
 
The transportation of the billets to the factory has an average cost of US$50 per load. Upon arrival 
at the factory, the billets are debarked and loaded into the kiln for the burning process. Contract 
workers are paid between US$ 99 and US$ 140 based on their experience per kiln. Once the 
burning process is completed, the charcoal is loaded onto a lorry at a cost of USS$ 80 and US$ 99 
per kiln. The majority of the charcoal produced is then exported to Japan for various uses ranging 
from cosmetics to water filters.  
 
3.5.3 Pole Industry (Thinning) 
 
A total average of 1,630 ha of forest were designated annually for Thinning I and Thinning II for 
the previous working plan. It produced 648,100 poles per year with estimated annual revenue of 
US$ 1.03 million. The poles are generally sold in sizes of 7.5 – 10 cm and 10 - 13 cm in diameter. 
Their lengths vary between 4.9, 5.5 and 6.1 m. The price range between US$ 1.40 and US$ 2.00 is 
determined by the pole length and thickness. Although not as lucrative as the production of 
charcoal, the production of poles provides a wider opportunity for the community to participate in 
the forestry activity at the MMFR. 
 
3.5.4 Captured Fisheries  
 
138 species of fish were identified in the MMFR fishes, which includes 40% estuarine residents and 
60% marine migrants, with 105 species or 76% that are commercially exploited (Chong, 2005). 
Except for five species of caridean shrimps, all 15 penaeid shrimp species are marine migrants, and 
all are commercially exploited. It has been found that 87% of fish in the MMFR waterways and 
83% in adjacent mudflats were juveniles, suggesting a larger role of the mangrove as nursery 
ground (Sasekumar et al., 1994). The total standing biomass of the MMFR has been estimated 8.26 
million tonne of dry matter, with an estimated biomass of about one million tonne released annually 
(Gong and Ong 1990). Exports of leaf litter biomass and nutrients would account for 3.9 and 0.1 t 
ha-1 yr-1 respectively. Marine scientists believe that the Perak’s fisheries production which is the 
highest in the country is attributable to the ecological function of the MMFR (Chong, 2005, 2007).  
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There are a total of 28 fishing villages in the MMFR. According to the Annual Fisheries Statistics 
of Perak, it is estimated that the MMFR supports an estimated of 4,909 fishermen which operates 
2081 traditional fishing gears and 1,151 commercial fishing gears within the inshore and offshore 
waters of the MMFR. In general, most traditional fishing gears operate within the mangrove 
channels and in nearshore waters of less than five nautical miles offshore. Commercial fishing gears 
which are those that are based on mechanised fishing are only allowed by law to operate greater 
than five nautical miles offshore. Zoning requirement dependent on the size of the boats are set at 
Zone B (5-12 nautical mile) and Zone C (beyond the 12 nautical miles). 
 
The total fish and prawns landing by fishermen from within and off the waters of the MMFR were 
estimated at 93,083 tonnes in 2000 or 43% of the Perak’s total catch. Based on studies that have 
carried out to elucidate the nursery ground function for coastal fishes and intvertebrates (Chong, 
2005; Sasekumar et al., 1994), the total catch attributable to mangrove dependent species were 
estimated to be 65,026 tonnes. Based on the annual fisheries statistics of an average of US$ 1227 
per tonne for all the marine catch in Perak, the mangrove dependent catch had an estimated value of 
US$ 79.8 million. 
 
3.5.5 Aquaculture Industry 
 
There are two forms of brackish water aquaculture activities that are permitted in the MMFR. These 
are cockle culture and net cage fin-fish culture.  Cockle culture beds cover a total area of 4,726 ha 
located in the estuaries and coastal mudflats. It is often considered a semi-aquaculture activity as 
there is very little human intervention during culture except for the initial sowing of cockle spats to 
increase cockle densities. Cockle spats are collected from the wild in three natural spatfall areas 
around the MMFR. The collection is regulated by the government and is limited to young cockles 
of 4-10 mm in length. A total of 232 licenses have been issued, but only 160 to 180 still operate. 
Based on the Annual Fisheries Statistics for Perak in 2000, the production of cockles is estimated to 
be around 40,559 tonnes. At an average wholesale price of US$ 319 per tonne, the production is 
valued at US$12.9 million making it the most important aquaculture activity in the MMFR. 
 
Cage culture is the next most important aquaculture activity in the MMFR. There are a total of 112 
fishermen involved in cage culture, operating a total of number 8,706 cages spread across an area of 
7.21 ha. Net cages are often located at or near the estuaries of the main river channels of the 
MMFR. The cultured fish species are mainly sea perch, mangrove snapper or groupers which are 
stoked at a rate of 500-1000 fishes per cage.  The culture period varies from between 9 to 12 
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months. Based on the Annual Fisheries Statistics for Perak in 2000, the total cage production was 
348 tonnes. Computed against an average wholesale price of US$ 5,769 per tonne, the production of 
net cage is valued at US$ 2.0 million. 
 
Coastal fish and shrimp ponds are located along the perimeters surrounding the MMFR and are not 
found within the grounds of mangrove forest reserve. They are built on state or private land. These 
ponds generate a production value of US$ 5.3 million. The mangrove forests provide shelter from 
weather storms and erosions for these ponds. They also ensure sufficiently clean seawater for 
production. 
 
3.5.6 Ecotourism 
 
A more detailed research would need to be undertaken to quantify the socio-economic contribution 
of the ecotourism industry in the MMFR. Based on the findings of the recent field trip, ecotourism 
doesn’t seem to be a major source of revenue for the MMFR compared to the previously mentioned 
socio-economic activities. The current sites of attraction at the MMFR include (Ahmad, 2009): 
 
1. The charcoal processing sites 
2. The Kuala Gula Bird Sanctuary 
3. The pre-historic site in Pulau Kelumpang 
4. The numerous fishing villages on wooden stilts 
5. The floating fish cages along Sungai Sangga 
6. Fishing site along all the major rivers 
7. The Broadwalk or a nature trail that provides easy access to the forest 
8. Camping sites and chalets 
 
Currently there are only two companies that operate in the area. One of the operators charge US$ 
140 per day-trip; US$ 70 per trip (half-day or less); student rates are lower – US$ 120 per day-trip; 
US$ 60 per trip (max. 15 persons). The tours start and end at Kuala Sepetang.  
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PART 2: RESEARCH METHODOLOGY 
 
 
CHAPTER 4 :                        
OVERVIEW OF RESEARCH METHODOLOGY 
 
 
This chapter has been structured to provide a general overview of the methodologies employed in 
all five of the journal papers presented in Part 3 (Results and conclusions section). It includes 
additional information which has not been included in the publication of these papers. The 
description of the methodologies follows the sequence in which the papers have been arranged. 
Topics which have been sufficiently covered in the designated chapters are not discussed. A 
summary of research methodologies employed in the thesis are presented in Figure 4-1. 
 
The integration of REDD+ at the MMFR is evaluated from several different perspectives. Chapter 5 
provide evaluation from the management regime’s perspective. Chapter 6 identifies the tool and 
methods to allow Chapter 7 to look at the integration from an ecological perspective. Chapter 8 
assesses the integration from the perspective of the stakeholders’ needs and their relationship with 
the multiple ecosystem services that the mangrove forest reserve supports. Chapter 9 presents a 
financial and economic perspective on the establishment of REDD+ programs at the MMFR.     
 
4.1 Chapter 5: Literature-based research  
 
Chapter 5 of this thesis employs a literature-based research methodology to address Research 
Question 1. Literature-based research methodologies are often referred to in many texts as 
‘literature reviews’ and this has blurred the understanding between literature review as a 
methodology in its own right and its utilisation in the research problem conceptualisation process of 
empirical research (Aveyard, 2010; Hart, 2001). In this chapter, existing literature in the form of 
documents (reports and peer reviewed articles) and archival records (working plans of the MMFR) 
were used as the primary source of qualitative data. The data were appraised and synthesised to 
evaluate the possibilities of integrating a REDD+ project in the management of the MMFR by 
identifying the potential advantages that the mangrove forest reserve could provide in the 
development of the climate change mechanism. 
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Figure 4-1: Research methodology summary. 
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As opposed to determining what exists on a particular subject, as normally performed in a literature 
review, Chapter 5 focuses specifically on the applicability of REDD+ within the management 
regime of the MMFR. Rather than identifying gaps in knowledge, the literature-based analysis was 
used to identify strengths and weaknesses in the climate change mechanism and the current 
management regime to find a common ground that could provide a rationale behind the proposed 
integration. The approach enabled an effective exploration of Research Question 1. It also 
facilitated the understanding of the complex sociological, economic and ecological structure of the 
mangrove forest as well as the internal complexities of the climate change mechanism. 
 
4.2 Chapter 6 and 7: Remote sensing 
 
Biomass plays a key role in connecting the image classification analysis and the ecosystem services 
assessment. It is a result of the productivity of forests, and plays an important role in shaping 
ecosystem functional characteristics and ultimately, the provision of ecosystem services (Lu, 2006). 
The role(s) of biomass in the carbon cycle, nutrient allocation and habitat have long been 
established and the accurate estimation of its spatial and temporal distribution is central in 
enhancing our understanding of ecosystem functions (Brown et al., 1999; Foody, 2003; Le Toan et 
al., 2011; Zheng et al., 2004). Reliable biomass data is also required for the quantification of carbon 
equivalent emissions associated with forestry activities such as those at the MMFR (Brown and 
Gaston, 1995). Information on the spatial and temporal distribution of biomass is crucial to 
sustainable forest management and could provide the research with vital clues on factors that may 
be affecting the delivery of key ecosystem services at the MMFR. This information plays a crucial 
role in the evaluation of the proposed integration of a REDD+ project at the MMFR. In this 
research, information is obtained via the application of remote sensing techniques. 
 
Remote sensing techniques have been widely applied in numerous research efforts which focused 
on the estimation of carbon stocks, a derivative of biomass, in tropical forests (Asner et al., 2010; 
Baccini et al., 2012; Lu, 2005; Saatchi et al., 2011b; Tan et al., 2007). They have also been applied 
to estimate biomass in upland forests, forested wetlands, and mangroves (Klemas, 2013). Spectral 
signatures or vegetation indices are used to retrieve biophysical parameters such as estimated above 
ground biomass from optical remote sensing imagery (Foody et al., 2003; Kuenzer et al., 2011; Lu 
and Batistella, 2005). It can provide a viable, cost effective, non-destructive and the most practical 
method of producing a reliable estimate and assessment of the spatial distribution and flux of the 
standing aboveground biomass in large study areas such as the MMFR (Kuenzer et al., 2011).  
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In addition to the wide ranging monitoring capabilities that remote sensing have to offer, there are 
other inherent characteristics that render remote sensing effective in building our understanding of 
the ecological characteristics of a study area. It provides a viable solution to gathering data for 
large, dangerous and inaccessible areas. The ability to apply simple and robust methods over a large 
areal extent makes it a very cost effective tool. Methods are also easily updated and adapted and this 
increases the likelihood of producing repeatable and comparable analysis (Aschbacher et al., 1995; 
Blasco et al., 1998; Green et al., 1996; Green et al., 1998; Heumann, 2011; Mumby et al., 1999). 
 
Chapter 6 evaluates the application of medium resolution imagery in the monitoring, managing and 
planning of the MMFR. Chapter 6 investigates the effectiveness of Landsat Thematic Mapper Data 
for mapping mangrove species, stand age and aboveground biomass. Techniques which were found 
effective were then applied in the assessment of ecosystem services in Chapter 7. This allowed for 
the analysis of the impact that timber extraction activities may have had on the delivery of these 
ecosystem services. It also enabled the identification of key areas that could potentially benefit from 
the establishment of REDD+ activities. In summary, Chapters 6 and 7 were designed to specifically 
investigate, analyse and evaluate the ecological aspects of the research in this thesis. 
 
The decision to assess the capability of using medium spatial-resolution imagery to assess the 
ecosystem services, analyse the species and stand age, and estimate the above ground biomass in 
this research was based the unique characteristics of the MMFR as a production mangrove forest. It 
provided the research with a study area with a non-complex forest structure. This had justified the 
preliminary assessment on the application of Landsat imagery in estimating the above ground 
biomass of the forest reserve.  In order for the study to draw and form scientifically sound findings 
from the combination of information extracted from the selected satellite imagery and ground 
measurements from the established sample plots, it would be crucial to have an in depth 
understanding or expert knowledge of the study area. The additional information provided by the 
ancillary data in the form of geographically based attributes enabled the analysis to simulate and 
include expert knowledge across the entire study area. 
 
4.2.1 Image pre-processing 
 
The image pre-processing task is aimed at reducing environmental and remote sensing distortions of 
all the image data sets used in this research. The geometric and radiometric correction, which are 
the two major component of pre-processing operations, are performed to correct and produce an 
image that highly resembles the true radiant energy and spatial characteristics of the data set at the 
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time of acquisition to maximise the probability of extracting useful information from the data sets 
(Jensen, 2005; Schowengerdt, 2006). In the following sub-sections, the underlying reason behind 
correcting and transforming the image data sets are briefly discussed. 
 
4.2.1.1  Geometric correction 
 
Geometric correction is an important step in remote sensing image processing. The ability to extract 
spatial information from satellite images through the integration of data sets require for the image to 
be corrected for geometric distortion. It not only improves the accuracy of image classification but 
it is also a prerequisite in multitemporal analysis as required in this research (Itten and Meyer, 
1993). The type of geometric distortions and corrections are briefly summarised and illustrated in 
Figure 4-2. 
 
Figure 4-2: Geometric distortion and correction flowchart. 
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The understanding of the correlation between image to ground and image to image attributes is 
essential in optimising the information extracted from the image data sets (Duggin and Robinove, 
1990). Recognising and identifying geometric distortion and applying the respective corrective 
measures to the affected input would generate an output that would represent a non-distorted image 
data set with similar coordinates, projection and datum to facilitate and enhance image integration 
and spatial information extraction (Kardoulas et al., 1996).   
 
4.2.1.2  Radiometric correction 
 
The raw digital numbers (DN) obtained from satellites include effects that originates from sensor 
calibration and interferences from atmospheric and topographic effects(Riano et al., 2003). This 
severely limits the usage of satellite acquired images in geophysical measurements and 
multitemporal analysis. Radiometric correction involves the modification of DN values to correct 
for such effects and interferences. Quantitative remote sensing application which requires 
biophysical variable would require this pre-processing process to ensure reliable and accurate 
information extraction (Duggin and Robinove, 1990). Figure 4-3 illustrates the radiometric 
correction operation performed for this assignment. 
 
The Landsat image datasets used in this research were pre-processed to produce pixel values that 
are calibrated in physical units. Unlike the pixel values, the image appearance will not change due 
to radiometric correction operations. The model is based on the conversion equations derived from 
the Landsat Science Data Users Guide. Please note that there are specific conversion equations for 
the different types of Landsat used in this research (Chander et al., 2009). These conversion 
equations are established for each band pre-launch and in certain cases are updated post-launch.  
 
The transformation from DN to at sensor radiance were performed on the geometrically corrected 
Landsat images. Radiance is measured in watts per meter squared per steradian (W m-2 sr-1) which 
is the most precise remote sensing radiometric measurement (Jensen, 2005). The equations and 
coefficients/constants used in the correction for the image datasets were derived from the Landsat 
Science Data Users Guide. The radiometric calibration general form of conversion equation to 
transform raw DN to at sensor radiance is as follows:  
 
Radiance = (Gain * DN) + Offset     (1) 
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Figure 4-3: Radiometric correction flowchart. 
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The image datasets are then normalised to produce the at sensor reflectance which aims at reducing 
the in between-scene variability in the Landsat scenes. The radiometric calibration general form of 
conversion equation to transform at sensor radiance to at sensor reflectance is as follows: 
 
ρp   =     π * Lλ * d2       (2) 
       ESUNλ * cosƟs 
 
 Where ρp is the unitless planetary reflectance; Lλ is the spectral radiance at the sensor’s aperture; d 
is the earth-sun distance in astronomical units; ESUNλ is the mean solar exo-atmospheric irradiance; 
and Ɵs is the solar zenith angle in degrees. 
 
The basic underlying concept of this transformation lies behind the division of the at sensor 
radiance by the amount of sunlight at the sensor at the time the image was acquired. As seen in 
Equation (2), this requires the earth-sun distance and solar zenith angle.  The earth-sun distance 
could be interpolated for the relevant image acquisition date or could be extracted from the excel 
spreadsheet provided by the Landsat Handbook.  
 
The solar zenith angle (Ɵs) was calculated by the utilising a spreadsheet that interpolated the solar 
altitude for the acquisition time for each of the images. The data gathered was combined with the 
individual solar spectral irradiance (ESUNλ) for each band to compute the combined surface and 
atmospheric reflectance of the earth utilising the Band Math tool on the ENVI software. 
 
4.2.1.3  Atmospheric correction 
 
The electromagnetic radiation signals from satellites goes through a series of undesirable interaction 
with various gasses, water vapour and particulates that subjects it to atmospheric scattering, 
absorption, reflection and refraction (Jensen, 2005; Kawata et al., 1988). Therefore, prior to 
extracting information, all these factors should be taken into account and corrective measures need 
to be performed to ensure that the pixel value comprise of at surface reflectance values. This is 
especially crucial in multitemporal quantitative image analysis (for example, the comparison of 
biophysical units that rely on spectral values). 
 
There have been various methods that have been suggested to account for these different influences 
on the remote sensing image data sets (Pons and Sole-Sugranes, 1994; Schroeder et al., 2006). 
Although some techniques might require specific atmospheric measurement which can be at times 
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difficult to obtain, studies have shown the ability of the corrective measures to accurately depict the 
at surface reflectance (Holm et al., 1989; Moran et al., 1992).  Therefore, it is crucial to understand 
the different interactions to remedy its effects and increase the ability to extract useful information 
from the image data sets. 
 
Atmospheric correction might not always be necessary and when at surface reflectance is not 
required, a simple relative correction such as the dark pixel subtraction or relative atmospheric 
correction would suffice (Song et al., 2001). Dark pixel subtraction is a method that selects the pixel 
in the image with the lowest brightness value. This pixel is assumed to have a zero or small surface 
reflectance and its radiometric value is theorised to represent the additive effect of the atmosphere 
(Chavez, 1988; Song et al., 2001). Although, it is the most simple and widely used image-based 
relative correction method, it is a technique that relies on suitable dark pixels to exist somewhere on 
the image. The possibility of spatial variability in atmospheric condition is also ignored as the 
subtraction of the dark pixel values are applied across the entire image (Chavez, 1988, 1996). It is 
specifically also meant for additive path effects such as scattering. 
 
There are three possible ways of selecting the dark pixels: 
1. Selecting a single dark pixel and obtain the lowest pixel value for each band 
2. Selecting a group of dark pixels in a single location and obtaining the average pixel value 
for each band. 
3. Selecting a single/group of dark pixels at different locations and obtaining the average pixel 
value for each band. 
In this research, the improved image-based dark object subtraction (DOS) model was used to 
implement the atmospheric correction (Chavez, 1988, 1996). The at-surface reflectance values 
ranged from 0 to 1 but were rescaled to the range between 0 and 1000 by multiplying 1000 for each 
pixel for to facilitate the object based image analysis. 
 
4.2.2 Key remote sensing techniques in the research 
 
4.2.2.1  Object based image analysis 
 
The incorporation of the object based image analysis in all three of the assessments ensured the 
addition of different dimensions to the remote sensing analysis process. It not only provides the 
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ability to extract additional variation of spectral information such as mean and median values per 
band, but also provides the advantage of the inclusion of additional spatial and contextual 
information that cannot be obtained through traditional pixel based analysis (Blaschke, 2010; 
Blaschke et al., 2008). As opposed to pixel based methods which analyses images in the form of 
pixel values, object based methods analyses the image in an object space (Kamal and Phinn, 2011). 
The unique characteristics of the study area which consist of elements or objects that are larger than 
the image resolution cell of the image datasets, makes it ideal for the application of object based 
image analysis. The object based approach utilises a set of rules, which comprise a series of 
segmentations and classification procedures, to produce a classified image. A general overview of 
an object based image classification process is illustrated in Figure 4-4. 
 
Figure 4-4: Object based image analysis process.  
 
 
 
 
 
 
 
 
 
 
 
 
 
The segmentation process involves the grouping of neighbouring pixels into a group of 
homogenous objects or segments based on one or more characteristics. The information that can 
derived from the segments produced include spectral information such as mean, variance, range, or 
ratios and spatial information such as shape, area, neighbourhoods or ratios. The process of 
segmentation provides the object based image analysis approach with the advantage of extracting 
additional spectral information. It overcomes salt and pepper effects and reduces the within-object 
spectral heterogeneity (Blaschke et al., 2008). In this research, segmentation offered a semi-
automated approach to forest stand delineation, which resulted in the clustering of adjacent pixels 
into meaningful homogenous objects based on digital numbers and textures (Hou et al., 2013; 
Neubert et al., 2008). 
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It is a technique that is well suited for the derivation of objects from forest variables, in fact it has 
been shown that biomass estimate errors could be minimized though the process of segmentation 
(Mäkelä and Pekkarinen, 2001). It has been shown to improve the accuracy of forest biomass 
estimation in the Brazilian Amazon (Lu, 2005), the Siberian forest tundra (Fuchs et al., 2009) and 
the forests in Hong Kong Special Administrative Region (Sarker and Nichol, 2011), but it has also 
been found to have not had any significant contribution to the improvement of the estimation of 
biomass in the Kampong Thom Province forest in central Cambodia (Kajisa et al., 2009). Although 
research into forest biomass estimation of tropical forests, with or without the application of object 
based image analysis, has often produced mixed and contrasting results, it is interesting to note that 
there is a common denominator in most of the previous studies. They were all focused on the 
estimation of aboveground biomass using remote sensing data in natural forests with complex stand 
structures and abundant species composition unlike the study area (Basuki et al., 2013; Cutler et al., 
2012; Foody et al., 2003; Foody et al., 2001; Lu and Batistella, 2005; Lu et al., 2012; Saatchi et al., 
2011a). 
 
The use of segmentation will also reduce errors that can be caused by image registration and sample 
plot positions. The segmentation process was conducted through the application of the eCognition 
software. The research employed a combination of bottom-up and top-down approach segmentation 
approach. The segmentation was refined further by merging neighbouring objects according to their 
main layer intensity values, a process known as spectral difference segmentation.  
 
4.2.2.2  Image interpretation 
 
There are a variety of key characteristics that can be derived from optical imagery datasets to 
delineate and classify features. They include tone or colour, shape , size, pattern, texture, shadows, 
site and context (Lillesand et al., 2004; Morgan et al., 2010). Image interpretation is the process that 
analyses, delineates and identifies the different features displayed in an acquired remote sensing 
image based on the collection of these characteristics. 
 
There are two basic forms of image interpretation; visual or manual interpretation and digital 
interpretation. Visual image interpretation is a highly subjective approach of examining and 
identifying features in a remotely sensed image. Visual interpretation and on-screen digitizing in 
combination with extensive and detailed ground knowledge has played an important role and has 
been used extensively in the mapping of mangrove ecosystems (Dahdouh‐Guebas et al., 2004; 
Green et al., 1998; Kuenzer et al., 2011; Mumby et al., 1999; Prasad et al., 2009; Ramasubramanian 
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et al., 2006; Wang et al., 2003). Although an analyst has the capability to offer an enhanced ability 
to interpret spatial attributes and identify obscure or subtle features (Lillesand et al., 2004), results 
will often vary with different analysts. The process can be time consuming and the practicality of 
implementing it would be dependent on the size of the study area. The approach is highly dependent 
on the analyst possessing a high degree of knowledge in the environmental setting of the study area.  
 
As for the case of the MMFR, which covers an area of approximately 40,466 ha, visual 
interpretation is still a feasible mode of interpretation. The GIS based information on the forest 
provides the analyst with detailed ground-level information to include expert knowledge. This 
facilitates and further enhances the effectiveness of the process. Digital interpretation, on the other 
hand, is an automated approach of image analysis and interpretation. It involves the manipulation of 
the digital numbers on a computer to produce an objective and consistent image analysis. It allows 
the analyst to process large and multiple image datasets in a timely manner. 
 
In reality these two approaches to interpretations are seldom used exclusively and are often 
combined in the application of remote sensing analysis. For example, digital analysis and 
processing can be used to enhance the images and visual appearance of one or more features to aid a 
visual interpretation approach. In the case of digital interpretation, the input of an analyst, such as 
the selection of a digital processing methodology, plays an important role in the remote sensing 
analysis process. It can be said that despite the advances in computing technology, the human factor 
still has a necessary and critical role to play in the interpretation remote sensed imagery (Hoffman 
and Markman, 2001; Lillesand et al., 2004). In this study, we explore the combination of the two 
approaches to determine its practical application in the ecological monitoring and management of a 
production mangrove forest. 
 
This is because the generation of inaccurate maps that poorly represent the environmental setting of 
a study area renders it inapplicable for ecosystem monitoring purposes and management decisions 
(Foody, 2002). To avoid generating maps that could eventually lead to an ineffective, costly or even 
detrimental ecosystem management decisions (Gergel et al., 2007; Morgan et al., 2010; Thompson 
et al., 2007), it is vital that we quantitatively assess and validate the quality of the spatial 
information derived from each image processing task in this study. 
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4.3 Chapter 8 and Chapter 9: Ecological economics –based analysis 
 
In Chapters 8 and 9, the research was focused on evaluating the stakeholder, ecosystem services, 
financial and economic aspects of integrating REDD+ activities into the management of the 
MMFR. Since different characteristics of mangrove forests ultimately determines the range of 
ecosystem services it provide (Ewel et al., 1998), an assessment and characterisation of the study 
area were required to provide information that would be crucial in determining the likely benefits to 
the different groups of stakeholders and the management regime. The application of a series of 
methods was designed to evaluate the characteristics of the ecological and social systems specific to 
the MMFR and in the context of implementing a REDD+ project in the area (Fisher et al., 2009b). 
 
REDD+ has been developed to achieve multiple objectives and often involves a wide range of 
stakeholders. Therefore, the consideration of the various rights and interests of all the stakeholders 
are crucial in the successful implementation of a REDD+ project in the mangrove forest reserve 
(Purnomo et al., 2012). We initiated a preliminary integrated assessment of the potential and 
implications of integrating REDD+ activities at the MMFR by conducting an ecosystem service and 
stakeholder identification, ecosystem service mapping, ecosystem service and stakeholder analysis 
and an opportunity cost assessment (see Figure 4-5). Collectively, the assessments were structured 
to evaluate whether a REDD+ project could be implemented in an equitable, effective and efficient 
manner at the MMFR. These methods are described and discussed in greater detail in Chapter 8 and 
Chapter 9. 
 
Figure 4-5: Summary of the methodology in Chapter 8 and 9. 
 
 
 
 
 
 
 
 
 
Ecosystem Service and Stakeholder Identification 
Ecosystem Service Mapping 
Ecosystem Service and Stakeholder Analysis 
Opportunity Cost Analysis 
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PART 3: RESULTS AND CONCLUSIONS 
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Abstract 
 
Mangroves provide a variety of ecosystem services and are among the most carbon-rich forest types 
on earth. Whilst much attention has recently been given in the policy and scientific literature to the 
opportunities mangrove blue carbon can potentially provide for climate change mitigation, 
sustainable development and ecological conservation, little attention has been paid in the efforts to 
identify a location that can serve as a conducive site for the development of a climate change 
mechanism that is still in its infancy stage of implementation. This paper proposes to address this 
gap in the literature by analysing the advantages of integrating a blue carbon based REDD+ pilot 
project at the Matang Mangrove Forest Reserve. The Matang Mangrove Forest Reserve is an 
interesting case study because it is a large contiguous mangrove forest area (40,466ha) that has been 
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primarily managed for the production of charcoal for more than a century and by all published 
accounts has been well managed to achieve favourable outcomes for local communities and 
ecological health. It is also one of the most studied mangrove forest in the world. However as of 
late, there have been clear evidences of drastic deterioration in the provision of several of its 
ecosystem services. REDD+ could offer the Matang Mangrove Forest Reserve an alternative 
management tool to formulate an enhanced sustainable forest management plan. On the other hand, 
the unique characteristics and structure of the mangrove forest reserve could serve as a conducive 
pilot project site for the development of the climate change mechanism into a reliable and effective 
climate combating tool. The proposed blue carbon based REDD+ pilot project could potentially be 
a crucial building block in the development and implementation of Malaysia’s National REDD+ 
Strategy. 
 
5.1 Introduction 
 
Reducing Emissions from Deforestation and Forest Degradation (REDD) in developing countries is 
an international mechanism designed to mitigate climate change based on the concept of carbon 
based incentives for environmental services (Bond, 2009). Its primary objective is to constrain the 
impact of climate change through the reduction of emissions from the forest sector. The idea was 
initially proposed at the international climate change negotiations in 2005, and at that time focused 
solely on deforestation. However, during the 2007 Conference of Parties to the UN Framework 
Convention on Climate Change (UNFCC) in Bali, it was decided that forest degradation played an 
equally important role in the reduction of emission from the forest sector and should be included 
into the scheme. The climate change mitigation mechanism has since gone through a series of 
evolutionary processes, and today has come to be known as the Reducing Emissions from 
Deforestation and Forest Degradation Plus (REDD+) mechanism. 
 
REDD+ has broadened the scope of the initial climate change mitigation mechanism to include 
conservation, sustainable management of forests and the enhancement of forest carbon stocks 
(Lawlor, 2010; Pistorius, 2012). It is designed to embrace and promote co-benefits that result from 
the reduction of activities that cause forest-based greenhouse gas emissions. These co-benefits, also 
known as non-carbon benefits, include food and water security, biodiversity protection, poverty 
reduction and the improved livelihood of forest dependent communities. REDD+ is viewed as one 
of the most important and advanced concepts to have emerged from international climate change 
policy negotiations (Westholm et al., 2011).  
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REDD+ is currently being developed as a climate change mitigation mechanism to promote forest 
conservation which could potentially offer low-cost option for the reduction of carbon emissions 
(Eliasch, 2008) but it would still take a considerable amount of time and effort to iron out issues 
often associated with policy instruments in their infancy (Angelsen, 2008). For example, forest 
tenure has been identified as a major stumbling block in the implementation of REDD+, poor 
classification and insecure tenure prevents equitable distribution of the benefits derived from the 
climate change mitigation mechanism. This results in poor control over forest management (Larson, 
2011; Sunderlin et al., 2009).The presence of organizational fragmentation and complex 
sociological, ecological and economic factors further complicate the implementation process (Law 
et al., 2012). Technical and managerial issues concerning the monitoring, reporting and validation 
process are still being refined and developed (Herold and Skutsch, 2011; Wertz-Kanounnikoff et al., 
2008). Whilst the mechanism has the potential to become a straight forward solution in the 
reduction of forest based emissions, it is a solution that is intertwined with a significant amount of 
internal and external challenges (Angelsen, 2008; Clements, 2010).  
 
Despite the issues surrounding the implementation of REDD+, there have already been several pilot 
projects launched around the world (Murdiyarso et al., 2011). The US$1 billion deal between 
Norway and Indonesia to protect and conserve the South East Asian nation’s forests, can be viewed 
as a bold initial step in preparing a nation towards the implementation of REDD+ (Edwards et al., 
2012). However, despite its noble intentions, there have been indications that the moratorium might 
not be able to reduce deforestation or forest emissions relative to recent trends as it was set out to do 
(Sloan et al., 2012). There were concerns over the issue of “additionality”, which refers to the 
additional prevention of deforestation and carbon emission, that plagued the dryland moratorium 
forest as much of it has either already been in some form of protection or are located in areas with 
low possibility of conversion (Edwards et al., 2012; Murdiyarso et al., 2011). 
 
Numerous studies have put forward solutions to remedy the short-comings of REDD+ (Blom et al., 
2010; Clements, 2010; Law et al., 2012). Whilst this paper aspires to do the same, it proposes an 
entirely different concept to solving the woes that plague REDD+.  This study postulates that in 
order for the policy instrument to positively benefit from the ideas of developing an effective 
climate change mitigation mechanism, it has to be tested in a ‘controlled’ environment, for 
example, a project area which would enable policy makers to focus their attention on the 
mechanism itself rather than on the negative external issues that could influence the outcome of the 
implementation. Site selection continues to be a critical step in implementing a newly proposed 
REDD+ project (Lin et al., 2012). The combination of a loose policy and weak site selection could 
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further complicate the implementation process, something that should be avoided from the very 
beginning. An implementation process weighed down by the presence of a multitude of problems 
on all accounts will ultimately turn into a huge problem-solving task.  
 
However, a project area with a clear and well defined sociological, economic and ecological 
structure will ensure that the mechanism could be developed under an optimum and controlled 
environment. It could eventually lead to the establishment of a formidable foundation which could 
be potentially replicated elsewhere. It could result in a mechanism that can deliver its benefits 
sustainably and within a reasonable time frame. This paper aims to highlight the possible 
advantages that blue carbon and the Matang Mangrove Forest Reserve (MMFR) could provide in 
providing REDD+ with the optimum landscape to be developed and nurtured to its full potential. 
 
The objective of the paper is not intended to underestimate or ignore the significance of the external 
issues, but it is an attempt to propose the prioritization of the examination of the underlying internal 
factors of the mechanism in isolation in the hope that it would serve as a starting point to solving 
the problems systematically and strategically. It is based on the idea that addressing the internal 
issues of the mechanism could be achieved if the mechanism itself was implemented in a project 
area that is relatively free from the influences and limitations posed by surrounding sociological, 
ecological and economic conditions. 
 
5.2 Mangroves and blue carbon 
 
Mangroves are an ecological assemblage of trees, shrubs, palms and ferns adapted to grow above 
mean sea level in the inter-tidal region of coastal and estuarine environments (Duke, 1992; Feller et 
al., 2010). A unique characteristic of mangroves is that they are inundated regularly with sea water 
and exposed to harsh environmental settings such as high salinity, high temperatures, extreme tides 
and currents, high rates of accretion (sedimentation) and muddy and often acidic anaerobic soils 
(Chong, 2006). They are commonly found in sheltered coastlines and estuaries of tropical and 
subtropical regions (Giri et al., 2011). 
 
Mangroves have been acknowledged for decades for their provision of numerous types of 
ecosystem services which directly or indirectly contribute to human well-being (TEEB, 2010).  This 
includes timber for commercial charcoal production, food for subsistence purposes, coastline barrier 
against natural disasters and breeding and nursing grounds for fish (Alongi, 2002; Barbier, 2003; 
Ewel et al., 1998; Mumby et al., 2004). More recently, mangroves have been deemed to play an 
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important role as in the global carbon cycle as a major coastal carbon sink (Laffoley and 
Grimsditch, 2009). They have been found to rank among the most carbon-rich forest in the tropics 
(Donato et al., 2011). The burial of carbon in sediments or soil organic carbon and the aboveground 
and belowground living biomass are the carbon pools that are critical to the role of mangroves as 
efficient and intense carbon sinks (Laffoley and Grimsditch, 2009; Murray et al., 2011). In fact, the 
amount of carbon sequestered in non-wetland forest is significantly lower than in mangroves and it 
has been estimated that the destruction of a hectare of mangrove forest can potentially release as 
much carbon as a destruction of a 3–5 ha of tropical forest (Murray et al., 2011; Ong, 1993). The 
carbon captured and stored by coastal marine and wetland ecosystems, such as mangroves, is 
known as ‘blue carbon’ (Murray et al., 2011; Nellemann et al., 2009). 
 
The emergence of carbon as a globally traded commodity has undoubtedly caused a shift in the 
trade-off equation of the provision of ecosystem services. A constantly updated and observable 
carbon price means that carbon offsets can be considered as a tangible commodity produced by 
mangroves. However, it is, by definition, a “commodity” that generates value through conservation 
rather than consumption and has the potential to increase the value of contiguous ecosystem 
services. Figure 5-1 illustrates an example comparing the possible flow of benefits between the 
production of commercially harvested wood and the production of carbon offsets. However, this 
does not imply that a single valuation is applicable to all mangrove forest, because mangroves in 
different countries are subject to multiple factors that affect the valuation differently. These factors 
include the cost structures, differences in opportunity costs, land costs and the different drivers of 
conversion and disturbance (Murray et al., 2011), so each country possesses its own unique blue 
carbon mitigation potential and blue-carbon-based economic valuation. 
 
Figure 5-1: A simplistic conservation-orientated view of the potential flow of benefits from the 
production of commercially harvested wood (top) and from the production of carbon 
offsets (bottom). 
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In the context of the MMFR, the existing trade-off between these ecosystem services and the 
emergence of blue carbon as a potential climate change combating tool, does not necessarily spell 
an end to the production of commercially harvested timber in mangroves. There are still 
communities and businesses that are dependent on the production of commercially harvested timber 
for charcoal production and this has to be taken into consideration in the management of the 
respective ecosystem. Moreover, mangroves can be managed sustainably for timber production in 
ways that complement and support contiguous ecosystem services. The production of timber and 
improved ecosystem services (for example, through the production of carbon offset production), can 
occur concurrently and if integrated appropriately may serve to provide enhanced overall financial 
and economic outcomes as depicted in Figure 5-2. 
 
Figure 5-2: A simplistic view of the potential flow of benefits from the combination of the 
production of commercially harvested wood and the production of carbon offsets. 
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The production of timber from mangroves offers obvious direct financial benefits, but the 
production of carbon offsets has the potential to also offer additional economic, socio-cultural and 
ecological benefits. The ability to combine the two different ecosystem services through the 
integration of climate change mitigation mechanisms such as REDD+ would enable stakeholders to 
further diversify their management strategies and provide the opportunity to further enhance the 
economic and financial outcomes. The combination could result in an effective risk management 
tool for coastal habitat management and have far reaching impacts on policies governing these 
valuable ecosystems. Most importantly, the MMFR and blue carbon has the potential to play a 
pivotal role in the refinement of REDD+ which can be designed to provide stakeholders with 
economic incentives that encourage rehabilitation and conservation of mangroves under favourable 
carbon market prices (Murray et al., 2011). The ability to implement a pilot blue based carbon 
project in a conducive location can allow research efforts to focus on the development of an 
effective monitoring, reporting and verifying process for REDD+. 
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5.3 The Matang Mangrove Forest Reserve 
 
Malaysia’s current official definition of a forest is land with a 30% minimum crown cover, 0.5 ha 
minimum land area, a minimum tree height of 5 m and it includes planted forest such as palm oil 
and rubber which differs from the Food and Agriculture Organization definition (FAO, 2010). 
However, under the REDD+ framework that is being developed for Malaysia, REDD+ activities are 
only focused in Permanent Reserved Forest and Protected Areas. Mangroves are one of the 10 types 
of forest found in Malaysia and more than 70% of the mangrove forest found in Peninsular 
Malaysia have been gazetted as Permanent Reserved Forests, which makes it eligible for REDD+ 
activity (Jusoff and Taha, 2008).  
 
The MMFR is a designated Permanent Reserved Forest and the largest single tract of mangrove 
forest in Peninsular Malaysia which has been sustainably managed primarily for the production of 
charcoal for more than a century. It is located on the north-west coast of Peninsular Malaysia. Over 
85% of the MMFR is tidal swamp and 70% of its landscape comprises islands. It covers a stretch of 
coastline that stretches 51.5 km from Kuala Gula in the north to Bagan Panchor in the south, 
forming a crescent moon shape (Figure 5-3, see next page). The coastlines are irregular and 
characterized by extensive mangroves, mudflats, islands and shallow seas. It is bordered by 
agricultural plantations, fruit orchards, settlements, aquaculture ponds and agricultural bunds 
located inland. The total acreage has actually increased by 1,498 ha to a total extent of 40,466 ha 
since it was first gazetted in 1902 (Jusoff and Taha, 2008). 
 
In early 2000, the introduction of a new approach in forest management zoning divided the MMFR 
into four distinct zones: the Protective Zone, Production Zone, Restrictive Production Zone and the 
Unproductive Zone. The Protective Zone covers a total area of 7,360. The Production Zone is the 
largest of the all the zones and covers 29,794 ha. The Restrictive Production Zone covers 2,892 ha, 
while the Unproductive Zone which is largely build up by agriculture bunds, covers an area of 420 
ha. Therefore, timber extraction activity is mainly concentrated in 73.6% of the forest and limited 
timber extraction is carried out in 7.1% of the forest while 19.3% is totally free from any human 
induced forestry activity (Table 5-1, see next page).  
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Figure 5-3: The location of Matang Mangrove Forest Reserve. 
 
Source:  (Hamdan et al., 2013). 
 
Table 5-1: The MMFR total acreage breakdown of management zones. 
 
Range 
Compt. 
Number 
Protective Zone 
(ha) 
Restrictive 
Zone (ha) 
Productive 
Zone (ha) 
Unproductive 
Zone (ha) 
Total 
(ha) 
Kuala 
Sepetang 
1-50 
62-64 
5,164 1,369 14,357 179 21,069 
Kuala Trong 
51-61 
65-86 
834 480 9,560 84 10,958 
Sungai 
Kerang 
87-108 1,362 1,043 5,877 157 8,439 
Total (Ha)  
7,360 
(18.2%) 
2,892 
(7.2%) 
29,794 
(73.6%) 
420 
(1%) 
40,466 
(100%) 
 
Source:  Adapted from (Azahar and Nik Mohd Shah, 2003). 
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Since its designation as a Permanent Forest Reserve in 1906, the MMFR administrators have been 
constantly refining their management systems resulting in its recognition of not only as ‘the best 
managed’ mangroves in Malaysia, but also among the most sustainable ecosystems in the world that 
has a long and impressive history of sustainable management of timber extraction (Alongi et al., 
2004; FAO, 2007; Ong, 1995). Over the years, the management plan has evolved from one that 
have been strictly emphasized on economic benefits to a more well-balanced management plan that 
takes ecological properties of the forest into consideration. 
 
In addition to the extraction of timber for the production of charcoal and poles, Matang Mangrove 
Forest Reserve also plays an important role in providing other ecosystem services and socio-
economic benefits (Awang Noor, 2005). It offers nursery habitats for various commercial and non-
commercial species of fishes and shrimps (Chong, 2007), habitat for migratory birds and local 
forest birds (Othman et al., 2004), recreational activities such as fishing, bird watching and wildlife 
observation (Ahmad, 2009) and aquaculture activities which include cockle culture (Awang-Hazmi 
et al., 2007; Pathansali and Soong, 1958) and fish cage culture (Alongi et al., 2003). It provides 
protection against coastal erosion (Kamaludin, 1993) and also acts as an effective coastal carbon 
sink (Donato et al., 2011).   
 
However, although the MMFR has been deemed to have been successfully managed for the 
sustainable production of charcoal, it is essential to note that the production of commodities such as 
timber has often been shown to result in the reduction of one or more ecosystem services (Nalle et 
al., 2004). This occurs when the provision of an ecosystem service has a negative impact on the 
provision of alternative services (TEEB, 2010). For example, in the case of mangroves, 
commercially harvesting timber could result in the degradation of its ability to function optimally as 
a coastal defence mechanism or perhaps erode its function providing breeding and nursing grounds 
for fish. This could eventually lead to an outcome that would have an overall negative impact on 
human well-being. 
 
After more than a century of timber extraction there have the indications that the MMFR has not 
gone entirely unscathed from the complex and dynamic ways that the ecosystems services it 
provides interrelate. The declines that have been documented includes: 
 
1. The aboveground carbon stock in the MMFR have been estimated to have declined from a 
total of 3.04 mil t C in 1991 to 2.15 mil t C in 2011 (Hamdan et al., 2013). This represents 
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an emission 3.2 mil t CO2e over a period of 20 years. It also shows an opportunity to apply a 
mechanism that has been designed to enhance the forest carbon stock. 
 
2. There have been cases of periodical and notable declines in the average yield of greenwood 
extraction at the MMFR (Gong and Ong, 1995; Putz and Chan, 1986). Whilst this may or 
may not be the result of prolonged timber extraction, the 40 percent increase in the number 
of operating kilns to 489 in the current working plan will undoubtedly exert additional 
pressure on the coastal ecosystem. 
 
3. The production levels of blood cockles at the MMFR are now less than a quarter of its 
historic high of 120,000 tonnes in the 1980s. Benthic invertebrates can be a reliable 
indicator of the state of a managed mangrove forest and the continuing drastic decline in the 
production of blood cockles at the MMFR is a cause of concern (Ellison, 2008). 
 
4. The Matang Mangrove Forest Reserve is an important habitat for migratory birds (Othman 
et al., 2004). Despite the creation of permanent bird sanctuaries and increased efforts in the 
preservation of mudflats (Azahar and Nik Mohd. Shah, 2003), there have been evidence of a 
catastrophic decline in the population of waterbirds. It has been estimated that there has 
been a decline of 75 to 95 percent in the overall wintering waterbird population at the 
Matang Mangrove Forest Reserve (Wei et al., 2006; Wei et al., 2007). The population of the 
Vulnerable Milky Stork (Mycteria cineria) has seen a massive 90% decline and only five 
individuals were recorded during an observation in 2009 (Ismail and Rahman, 2012).  
 
From the observed and documented declines in the provision of different ecosystem services at the 
MMFR, we can see that it is essential to acknowledge and manage the potential trade-offs and 
synergies that exist between the different ecosystem services. It is highly crucial to maintain a 
desirable balance in the mix of services to ensure the continuity in the provision of these services in 
a sustainable manner as a whole. It also shows that there is still room for improvement and there are 
possibilities of implementing management strategies that are based on conservation or sustainability 
such as the implementation of a blue carbon based REDD+ pilot project. It has the potential to 
provide a win-win situation for the development of both the forest reserve and the climate change 
mechanism. It will not only lead to a better understanding of how the ecosystem services respond to 
changes in time and space but will also enable the formulation of management strategies that could 
minimize trade-offs and increase synergies which will promote efficient and sustainable use of 
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ecosystem services (Bennett et al., 2009). In the following section, we highlight the key advantages 
that the MMFR could provide in providing REDD+ with a teething ground for a pilot project. 
 
5.4 The advantages of implementing a blue carbon based REDD+ pilot project 
at the Matang Mangrove Forest Reserve 
 
The unique characteristics and structure of the Matang Mangrove Forest Reserve has the potential 
to offer incentive-based policy instruments the perfect testing ground for the integration of blue 
carbon management projects. The management structure and governing frameworks that are already 
in place create a project site that would minimize or even eliminate the costs of overlap, gaps, poor 
coordination and uncertainty that could possibly occur if the mechanism was implemented in an 
area with opposing characteristics.  
 
The process of developing and implementing effective and equitable incentive-based mechanisms 
such as REDD+ will be further enhanced by the following factors:    
 
1. The extensive records kept and research performed at the MMFR could be a major 
contributor in our efforts of building a solid understanding of this coastal carbon sink. This 
will ensure the enhancement of cumulative advancement in the knowledge of mangrove 
carbon storage which is required to facilitate the implementation of any mangrove related 
carbon offset production mechanism (Donato et al., 2011; Komiyama et al., 2007; Lovelock 
et al., 2011; Murray et al., 2011). The key drivers of deforestation and degradation can be 
accurately identified and records dating back to 1920’s would provide valuable insight for 
any performance based mechanism. 
 
2. It allows the mechanism to be applied in a less complex social interface because the 
community and the stakeholders, which in this case is the state of Perak, are well defined 
and have similar objectives in which the ultimate goal is to protect the MMFR to ensure a 
sustainable flow of ecosystem services for the benefit of the surrounding communities. It 
could provide REDD+ with a potential demonstration site of an effective integration of local 
governments and communities within national and regional climate change policies. 
 
3. The economic interest of the stakeholder and the community complement each other. This 
will reduce the complexities of structuring economic objectives and goals of a particular 
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activity within the mangrove forest reserve. It will also reduce the challenges in identifying 
effective and equitable benefit-sharing mechanisms. 
 
4. There is no conflict over land and natural resources. Clear, distinct and effective regulatory 
frameworks governing the forest and its natural resources have been placed for decades. 
Resource use rights and land tenure are clearly defined and recorded. Clear land titles 
resulting in the lack of complications that often arise from competing customary and 
statutory rights reduces the risk of implementing a benefit-scheme sharing mechanism such 
as REDD+. 
 
5. There are 34 settlements (28 of which are fishing villages), this will allow the project to 
monitor and evaluate the impact of the mechanism on a large and diverse community that 
depend on the mangrove forest. Direct and indirect dependents of the mangrove forest 
reserve could be easily identified and the impact on them gauged for further development of 
the mechanism that has been implemented.  
 
6. It is easier to promote equity because the income could be put to the full use of managing 
the forest which will increase the quality and value of other ecosystem services that will be 
enjoyed by the community that depends on the MMFR. Because of the diverse stream of 
ecosystem services provided by mangroves, REDD+ will extend beyond the narrow carbon 
objective. At this project site, a single act of mitigation could yield multiple streams of 
adaptation advantages. For example, the act on conserving some parts of the forest could not 
just lead to the sequestration of carbon but also potentially protect or rehabilitate other 
ecosystem services such as bird habitat which could then possibly lead to an increase in 
tourism. 
 
A pilot REDD+ project could make a significant contribution towards Malaysia’s commitment to 
adopt a voluntary reduction of 40% emissions (in terms of GDP) by 2020. It has the potential to 
provide the country with a nature-based solution for climate change mitigation and adaptation 
strategies, which could help contribute to the overall global effort of combating climate change. The 
formulation of an effective management regime for the mangroves ecosystems and their services 
could help to build social resilience to climate change and support sustainable economic growth. A 
successful REDD+ project could highlight Malaysia’s large blue carbon mitigation potential and 
help with capacity building and the development of other blue carbon demonstration projects and 
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pilot policies. It could potentially be a crucial building block in the development and 
implementation of Malaysia’s National REDD+ Strategy. 
 
From the perspective of the management regime of the MMFR, an integration of a climate change 
mechanism such as REDD+ could be a step towards refining its management strategy and 
enhancing the Malaysia’s role in climate change mitigation. It will foster a better understanding of 
the dynamics of governance and management of ecosystem and ecosystem services by attempting 
to identify the appropriate mix or balance of ecosystem services. It could be the first step towards 
integrating carbon and timber management in supporting multiple ecosystem services. Ultimately, 
the project could induce a successful integration of natural and human capital by encouraging the 
incorporation of ecosystem services assessment and valuations in decision making – a matter of 
utmost importance (Bateman et al., 2011).  
 
5.5 Discussion and Conclusion 
 
Mangroves provide a variety of ecosystem services and are among the most carbon-rich forest types 
on earth. The combination of these characteristics makes it an ecosystem with great potential to be 
incorporated into existing climate change policy frame works (Siikamäki et al., 2012). Whilst much 
attention has recently been given in the policy and scientific literature to the opportunities mangrove 
blue carbon can potentially provide for climate change mitigation, sustainable development and 
ecological conservation, little attention has been on the ways best to develop such tools. We 
postulate that the MMFR provides a unique and interesting pilot project location for a climate 
change intervention mechanism such as REDD+. It provides the ability for policymakers to isolate 
the mechanism and implement it in a conducive location that allows the focus to be primarily on the 
internal structure of the mechanism such as the monitoring, reporting and verifying process. 
 
Although by most published accounts it has been indicated that the MMFR has been historically 
managed well to achieve favourable outcomes for local communities and ecological health, there 
have been evidences of an alarming decline in the provision of certain ecosystem services. 
Researchers can scrutinise the interaction between the different ecosystem services which are 
interlinked in a complex way, which can result in a positive or negative impact on the other services 
(Heal et al., 2005; Tallis et al., 2008). This will enable us to minimize trade-offs and increase 
synergies in the ecosystem and study the co-benefits components that are mooted by REDD+.  
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A study of the MMFR will be able to provide a unique insight into the characteristics of carbon flux 
associated with timber harvesting in mangroves. Future research could focus on the advantages or 
disadvantages of managed forest on carbon flux and its association with the delivery of other 
ecosystem services. However, in order to fully realize the potential of any study, we will need to 
continue building on the current understanding of carbon stocks in mangroves. This will facilitate 
the implementation process of any climate change mechanism and ensure that the whole-ecosystem 
carbon storage, which consists of two carbon pools - carbon in living biomass and soil organic 
carbon, could be incorporated into these schemes. This would contribute towards the development 
of an established and globally accepted method of measuring, reporting and verifying carbon stocks 
in mangroves. Prior to the implementation of a REDD+ project at the MMFR, the stakeholders 
would need to address key elements such as additionality, permanence, leakage, double counting, 
accounting, co-benefits, safeguards and project specific baselines. These elements are essential in 
the formulation of the type of strategy to be adopted to ultimately achieve REDD+ at national scale. 
 
Another vital aspect that would need to be considered is the identification of key management 
practices that could be implicitly linked to REDD+ activities. This will allow an assessment to be 
conducted on how different type of management practice changes could impact key REDD+ 
objectives such as reduction of emissions, pursuance of sustainable management, the conservation 
and enhancement of forest carbon stocks. For example, stakeholders could review the timing and 
frequency of its thinning activities and assess the potential outcome from this changes in relation to 
the REDD+ objectives. 
 
Eventually, the evaluation process to determine the success rate of the integration of REDD+ will 
require information on the financial and economic value of the ecosystem services. The ecosystem 
services can be related to economic values through the Total Economic Value (TEV) framework. 
The concept of TEV is defined as the sum of the values of all service flows that natural capital 
generates both now and in the future – appropriately discounted (TEEB, 2010). It is an aggregation 
of all the values of ecosystem services into a single matrix using a common unit of account that 
allows comparisons of the benefits of various goods and services. Since money is generally 
accepted as a familiar unit of account, valuations and assessments in terms of monetary values 
would enable the evaluation results to be effectively conveyed and utilised in the planning process 
of formulating optional management strategies for the MMFR and the incorporation of a pilot 
REDD+ project. 
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Unlike schemes implemented around the world, where the choice of conservation ultimately limits 
the interaction of the community or stakeholders with the forest and at times give rise to challenging 
issues, the implementation of REDD+, for example, in the MMFR could potentially provide a 
solution to ways of integrate forest interaction (for example, timber harvesting) and conservation. 
As it is, to a certain extent, void of sociological, ecological and economical complexities, the 
financial and broader economic repercussions could be studied without jeopardising the integrity of 
the current ecosystem structure. It could result in a mechanism which could deliver its benefits 
sustainably and in a reasonable time frame.  
 
This review believes that blue carbon and the Matang Mangrove Forest Reserve could fit the 
criteria in providing REDD+ or other incentive-based policy instruments the optimum landscape to 
be developed and nurtured to its full potential. In order to fully harness the advantages and 
opportunities of integrating blue carbon management project and timber harvesting in the 
management of the MMFR mangroves, three areas of research require further attention.  
 
Firstly, there is a need to conduct a complete and detailed ecosystem services assessment and 
valuation to understand and characterise the relationship between the different ecosystem services 
and benefits rendered. The understanding of the way ecosystem services in the MMFR interrelate 
will enable the formulation of management strategies that could minimize trade-offs and increase 
synergies which will promote efficient and sustainable use of ecosystem services. The assessment 
and valuation of ecosystem services will be a crucial component in the designing and development 
stage of any proposed incentive-based policy instruments including REDD+. 
 
Secondly, it is essential to measure and quantify the carbon fluxes at the MMFR over a significant 
period of time. This can be achieved through the estimation of the above ground biomass, as timber 
harvesting primarily removes the above ground biomass but leaves the below ground and soil 
carbon intact. It will provide valuable insight into the effect of timber harvesting on the carbon 
stock and carbon sequestration rate of the ecosystem. The adoption of recent advancements in the 
techniques of satellite imagery could provide a cost effective solution in covering an extensive but 
largely inaccessible study area. This will allow future research to establish and develop an 
understanding of the dynamic relationship between the carbon flux and other ecosystem services, 
allowing trade-offs and synergies to be identified.  
 
Finally, once the ecosystem services have been clearly defined and the relationships that exist have 
been established, a detailed financial and economic assessment of the integration of a blue carbon 
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incentive-based policy instrument at the MMFR should be performed. The focus should be on 
analysing the impact of integrating a blue carbon incentive-based policy instrument such as REDD+ 
on the direct and indirect financial and economic performance of the MMFR. A sensitivity analysis 
based on the carbon market price can also be conducted in order to identify the potential mix of 
timber production, ecological conservation and carbon offset projects in the MMFR that could 
possibly produce an enhanced financial and economic outcome for the forest and its stakeholders. 
 
The three areas of future research identified in this review represent major quantitative steps that are 
required in any future considerations of integrating blue carbon climate change mechanisms in the 
management of the MMFR. In fact, on a broader scale, it could potentially establish a base line for 
the integration of various climate change mechanisms to be implemented in other mangroves 
elsewhere in the world. It would allow the research focus to be emphasized on developing robust 
scientific methodologies and frameworks for ecosystem service market approaches to management. 
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Abstract 
 
This paper explores the suitability of remotely sensed data obtained from Landsat imaging sensors, 
in combination with ancillary forest inventory data, for planning and management in a production 
mangrove forest in Malaysia. An assessment is presented of the suitability of Landsat Thematic 
Mapper data for mapping mangrove species, stand age, stand structure and aboveground biomass in 
the Matang Mangrove Forest Reserve. The Matang Mangrove Forest Reserve (the ‘study area’) 
encompasses 40,466 ha and is characterised by extensive even-aged stands of homogenous 
mangrove forest. In these regards, the study area provides a very useful exemplar in which to 
investigate the suitability of the Landsat archive for sustainable forest management planning. The 
image classification process included both pixel-based and object-based approaches. Results 
revealed that the pixel-based approach was not effective in delineating species and stand age 
structure due to the presence of the ‘salt and pepper effect’ in the image output. The object-based 
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approach accurately delineated between commercial and non-commercial mangrove species. It also 
produced a reliable and accurate stand-age structure map based on three designated classes: clear-
felled areas; young mangrove forest (less than 13 years old); and mature mangrove forest (13 years 
or older). However, the results also indicated that the Landsat archive is not suitable for the 
estimation of aboveground biomass in mangrove forests. The analysis highlights that the mapping 
and analysis of mangrove species and stand age structure with Landsat Thematic Mapper image 
datasets can play a useful role in achieving cost-efficient and ecologically sustainable outcomes in a 
production mangrove forest. 
 
6.1 Introduction 
 
The application of remote sensing has traditionally been crucial in the mapping of areal extent and 
change in forests and other land systems (Heumann, 2011). Recent advancements have improved 
the accuracy of remote sensing mapping and change detection in regards to leaf area (Kovacs et al., 
2004; Kovacs et al., 2005), canopy closure (Ramsey and Jensen, 1996), species composition (Kamal 
and Phinn, 2011; Wang et al., 2004), canopy height and standing biomass (Proisy et al., 2007). The 
method generally offers the ability to effectively measure and monitor forested areas over 102 – 108 
km2 in a consistent and robust manner (Huete, 2012). 
 
Despite the emergence of more advanced and robust remote sensing tools and techniques, the 
Landsat Thematic Mapper sensors offer medium spatial resolution (30 m pixels) optical imagery 
and are a widely available, cost-effective and practical remote sensing option (Sarker and Nichol, 
2011; Wulder et al., 2012). It is the longest running civilian earth observation program that captures 
global surface conditions and dynamics from space. Since 1972, it has contributed to the longest 
and most geographically comprehensive data archive of continuous observation of the Earth’s 
surface (Loveland and Dwyer, 2012). It has played a major role in a wide variety of ecological 
investigations and applications that have been explicitly spatial and temporal (Cohen and Goward, 
2004; Leimgruber et al., 2005).  
 
The Landsat archive provides a lengthy and uninterrupted time series of earth observation data, a 
crucial element in the development of our understanding of the linkages between anthropogenic 
activities and ecological outcomes (Carpenter et al., 2006).  Other important advantages of Landsat 
include cost effectiveness, easy access, free data policy and web-based data distribution (Woodcock 
et al., 2008; Wulder et al., 2012; Wulder et al., 2008). The combination of all these factors makes 
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Landsat a viable, cost effective, non-destructive and practical tool that could potentially provide a 
vital source of information for the planning and management of forested lands.  
 
A recent review of studies that applied remote sensing to tropical forest ecosystems showed that 
remotely sensed data had been widely used to estimate tropical forest aboveground biomass and 
assess and make inferences about forest regrowth, human impacts on forest biomass, carbon 
inventory and habitat suitability (Barbosa et al., 2014). The review concluded that more detailed 
studies were needed to evaluate the application of remote sensing for improved forest management, 
conservation status evaluation, carbon inventory investigations and analysis of forest structure and 
composition.  
 
Landsat archive images have been shown to be adequate for the assessment of spatial and temporal 
dynamics in mangrove ecosystems (Nguyen et al., 2013). However, a review of more than 40 
published studies that applied medium resolution imagery to mangrove ecosystems revealed that no 
studies have applied the method to the planning and management of a production mangrove forest 
(Kuenzer et al., 2011). Our study makes a unique contribution to the scientific literature in this 
regard by assessing the suitability of information able to be obtained from the Landsat archive in 
combination with ancillary forest inventory data for planning and management in a production 
mangrove forest in Malaysia. 
 
6.2 Study Area and Data 
 
6.2.1 Study area 
 
The study area lies between latitudes 4◦15’- 5◦1’ N and longitudes 100◦2’- 100◦45’ E. It is located in 
the administrative districts of Kerian, Larut and Matang, and Manjung in the State of Perak in 
Peninsular of Malaysia. It stretches 51.5 km from Kuala Gula in the north to Bagan Panchor in the 
south (Azahar and Nik Mohd. Shah, 2003). The designated production and restrictive production 
zone encompasses 80.8 percent of the total forest whilst 18.2 percent is considered a protected zone. 
The remaining one percent of the forest is categorized as an unproductive forest (Figure 6-1). 
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Figure 6-1: The location of Matang Mangrove Forest Reserve (right) and the breakdown of the management defined forest classes (left).  
 
 
Source:  Adapted from (Azahar and Nik Mohd. Shah, 2003, Hamdan et al., 2013). 
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The State Forestry Department of Perak employs a Clear Felling and Planting Silviculture System 
based on a 30 year rotation. Thinnings are carried out in two stages prior to clear felling. The first 
thinning is carried out when the forest is between 15 to 19 years of age, and the second thinning is 
performed when the forest is between 20 to 24 years of age. The first and second thinning are for 
the production of poles while the clear felling phase is for the production of charcoal. Forest with 
ages above 30 years are found in the protected areas or areas designated as reserved for future clear 
felling. 
 
There are several important characteristics of the study area that make it suitable for this study. The 
application of silvicultural standards has greatly influenced the forest stand structure and species 
composition in the Matang Mangrove Reserve. The forest is divided into smaller management units 
of 108 compartments. The allocations of the current 2.3 ha of mangrove forest per kiln are 
distributed in the form of coupes or sub-coupes located within these compartments (Azahar and Nik 
Mohd. Shah, 2003). As a result, the mangrove forest reserve is characterised by large pockets of 
even-aged stands ranging from 1 to 30 years throughout the forest. 
 
Silvicultural practice has traditionally focused on the continual regeneration of the more 
economically valuable species of Rhizophora. This has led to extensive areas of the managed forest 
to mainly compose of Rhizophora forest. These species now dominate about 85% of the total forest 
area (Alongi et al., 2004; Azahar and Nik Mohd. Shah, 2003; Ong and Gong, 2013). The tree 
density in the forest has also been observed to decline dramatically with age due to management 
and naturally induced thinning (see Table 6-1). The combination of all these characteristics provide 
a unique opportunity to apply remote sensing techniques on a managed mangrove forest that is 
characterised mainly by pockets (coupes and sub-coupes) of even-aged and largely homogenous 
mangrove forest stand structure. 
 
Table 6-1: Tree density recorded at the Matang Mangrove Forest Reserve. 
 
                   Stand Age (Years) 
Tree Density 
5 8 13 18 23 28 >30 
(Gong and Ong, 1995) 16830 9827 9767 3332 2209 2550 NA 
(Alongi et al., 2004) 18498 NA NA 2384 NA NA 770 
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6.2.2 Field datasets 
 
A total of 276 sample plots were measured over an eight month period (Hamdan et al., 2013). The 
20 m x 50 m sampling plots were randomly distributed in different parts of the study area, but 
restricted to areas that were relatively accessible and that allowed for the measurements to be 
collected safely. The sample plots represented different stages of growth and forestry activity, from 
nine to 29 years of age, virgin jungle reserves, good reserves and poor reserves. Of the 276 total 
sample plots, 58 sample plots were randomly selected for use in this study for the purposes of 
validation and accuracy assessment. Table 6-2 (training data) and Table 6-3 (validation data) 
provide the descriptive statistics of the ground sample plots. 
 
All living trees within each plot with a diameter at breast height (DBH) of 5 cm or greater were 
recorded. The orientation and location coordinates were measured using a handheld GPS and were 
used to link the plots’ location to the forest inventory ancillary data and the data imaging processes. 
The intersection of the sample plot attributes with the geospatial ancillary datasets allowed for the 
segmentation and classification of the sample plots by age and type. 
 
The aboveground biomass for the individual field plots were estimated from an allometric equation 
that was specifically derived from the study area (Ong et al., 2004) :   
 
Aboveground biomass (kg) = 0.235DBH2.42                              (1) 
 
The single allometric equation was selected to estimate the plot-level aboveground biomass as the 
forest reserve is dominated by commercially important species (Azahar and Nik Mohd. Shah, 2003, 
Alongi et al., 2004). As the field datasets were restricted to the Rhizophora forest, only that forest 
type was used in this study for issues related to biomass estimation. Although this study has a larger 
number and wider range of age group in its collection of ground sample plots, the derived above 
ground biomass were generally in agreement with those collected by Juliana and Nizam (2005).  
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Table 6-2:  Descriptive statistics of the 218 selected training field plots. 
 
DBH = Diameter at breast height, AGB = Aboveground Biomass, PR = Poor Reserve (Age 30+), GR = Good Reserve 
(Age 30+), and VJR = Virgin Jungle Reserve (Age 30+). 
 
Table 6-3:  Descriptive statistics of the 58 randomly selected validation field plots. 
 
DBH = Diameter at breast height, AGB = Aboveground Biomass, and GR = Good Reserve (Age 30+). 
 
STAND NUMBER TOTAL DBH DBH DBH AGB AGB AGB
AGE OF PLOTS TREES (MIN) (MAX) (AVG) (MIN) (MAX) (AVG) <10cm <20cm <30cm >30cm
9 1 54 5.1 10.4 7.0 14.08 14.08 14.08 98.0% 2.0% 0.0% 0.0%
10 4 259 5.0 13.1 7.1 16.61 20.98 19.30 94.2% 5.8% 0.0% 0.0%
11 9 639 5.0 41.3 9.6 17.97 109.46 54.75 60.7% 36.9% 2.0% 0.3%
12 10 1073 5.1 35.5 8.8 25.22 126.34 74.57 71.0% 28.9% 0.1% 0.0%
13 6 700 6.9 11.0 9.3 43.09 72.48 62.21 78.0% 22.0% 0.0% 0.0%
14 12 892 5.0 40.4 10.8 37.52 101.45 71.18 38.1% 61.1% 0.4% 0.3%
15 19 2242 5.0 32.3 7.5 16.21 129.18 78.34 59.5% 40.2% 0.2% 0.1%
17 8 974 5.8 30.2 11.2 78.66 187.54 112.17 39.6% 59.2% 1.0% 0.1%
19 5 248 5.1 17.5 10.6 34.20 42.57 39.13 37.9% 62.1% 0.0% 0.0%
20 10 785 5.0 35.1 13.6 72.47 156.17 119.69 20.8% 75.0% 4.1% 0.1%
22 24 2536 5.1 40.3 16.3 52.08 454.76 275.76 12.8% 63.3% 23.7% 0.2%
23 25 2644 5.1 38.2 15.2 70.94 389.94 250.98 13.8% 69.9% 16.2% 0.1%
24 9 1018 5.1 29.1 15.9 150.73 445.00 264.36 16.2% 59.3% 24.5% 0.0%
25 12 1293 5.1 38.6 18.2 213.90 369.60 319.76 7.7% 49.4% 42.5% 0.5%
26 18 1943 5.0 39.4 11.7 70.93 203.46 113.14 42.7% 54.0% 3.2% 0.1%
27 12 981 5.0 39.2 15.7 85.18 414.96 213.02 19.0% 62.0% 17.0% 2.0%
28 16 1236 5.1 36.2 16.2 77.58 284.66 189.37 11.7% 69.3% 18.7% 0.2%
29 13 1387 5.1 42.1 18.1 142.54 440.73 325.63 7.9% 53.1% 38.2% 0.8%
PR 1 32 6.3 28.2 15.9 57.15 57.15 57.15 30.0% 50.0% 20.0% 0.0%
GR 2 180 5.2 27.8 15.5 145.90 223.81 184.85 14.4% 73.9% 11.7% 0.0%
VJR 2 99 5.3 30.2 16.0 112.47 123.85 117.99 18.2% 53.5% 27.3% 1.0%
BREAKDOWN OF DBH
STAND NUMBER TOTAL DBH DBH DBH AGB AGB AGB
AGE OF PLOTS TREES (MIN) (MAX) (AVG) (MIN) (MAX) (AVG) <10cm <20cm <30cm >30cm
9 1 49 5.2 33.1 7.7 31.70 31.70 31.70 95.7% 0.0% 0.0% 4.3%
10 1 183 5.0 10.7 6.7 43.34 43.34 43.34 98.9% 1.1% 0.0% 0.0%
11 4 68 5.1 18.2 8.8 18.53 79.35 42.58 66.2% 33.8% 0.0% 0.0%
12 2 92 5.6 37.7 10.1 71.89 72.77 72.33 53.0% 45.9% 0.0% 1.1%
13 3 100 5.1 14.1 8.9 20.98 65.57 46.75 73.2% 26.8% 0.0% 0.0%
15 4 136 5.0 18.3 9.5 73.81 101.97 83.84 56.5% 43.5% 0.0% 0.0%
16 1 101 5.2 20.5 9.7 65.19 65.19 65.19 49.5% 49.5% 1.0% 0.0%
17 1 197 6.1 18.5 10.8 155.11 155.11 155.11 34.7% 65.3% 0.0% 0.0%
20 2 79 5.3 30.5 15.6 100.28 227.38 163.83 16.6% 64.2% 18.5% 0.7%
22 9 160 5.0 40 16.4 58.21 495.6 215.47 12.7% 64.7% 22.1% 0.5%
23 3 120 5.2 27.6 16.7 222.31 359.14 280.77 15.6% 75.7% 8.7% 0.0%
24 5 100 5.1 26.6 16.0 116.65 328.58 224.38 17.7% 55.4% 26.8% 0.0%
25 2 87 5.3 30.9 18.6 250.77 302.02 276.39 7.7% 49.7% 42.0% 0.6%
26 3 120 5.7 15.5 12.7 178.09 129.91 62.62 41.5% 55.1% 3.3% 0.0%
27 6 113 5.0 31.4 14.2 108.82 351.01 202.46 28.9% 55.7% 14.8% 0.6%
28 6 80 5.0 35 16.5 110.88 213.18 159.05 11.9% 65.3% 22.3% 0.5%
29 4 120 5.1 20.68 17.6 425.52 137.24 301.27 8.8% 57.5% 32.0% 1.7%
GR 1 72 5.8 41.6 15.4 149.16 149.16 149.16 12.9% 77.1% 8.6% 1.4%
BREAKDOWN OF DBH
76 
 
6.2.3 The inclusion of forest inventory data 
 
This study integrates forest inventory data as an ancillary data set to provide additional information 
and spatial attributes. The first set of ancillary data set used in this study is the digitized 
management zone maps produced by the State Forestry Department of Perak for the working plans 
of 2000-2009 and 2010-2019 (Figure 6-2). The boundaries of the control maps were largely based 
on physical features such as river junctions. Therefore the control maps were revised in every 
working plan to account for the change in river course, erosion and accretion that occurs over time 
(Azahar and Nik Mohd. Shah, 2003). The shape files contain the individual compartment 
boundaries, the stand age, the type of activity scheduled for that compartment and the year that 
activity is scheduled for.  
 
The second set of ancillary data utilized in this study is the digitized forest type base map produced 
for the 2000 – 2009 working plan. The stratification process was based on the photo-interpretation 
of 1988 and 1999 aerial photographs with the scale of 1:20 000 of the study area. Aerial 
photographs of this scale are commonly used for the mapping of tree species (Lillesand et al., 
2004).The determination and verification of its floristic composition and forest types were based on 
field verifications (Azahar and Nik Mohd. Shah, 2003). The historical records and previous field 
inventory surveys conducted contributed further in enhancing the accuracy of the map. The 
approach provided an efficient means for determining the classification accuracy and producing a 
reliable map of forest types in the study area. The resulting locations and extents of the boundaries 
of all the major forest types are depicted in the working plan base map (Figure 6-3).  
 
77 
 
Figure 6-2: The Matang Mangrove Forest Reserve Operational Map. 
 
 
 
Source: Adapted from (Azahar and Nik Mohd. Shah, 2003, Roslan and Nik Mohd. Shah, 2014). 
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Figure 6-3: Species type map for the Matang Mangrove Forest Reserve. 
 
 
 
Source:  Adapted from (Azahar and Nik Mohd. Shah, 2003). 
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There are six major forest types that occur in the MMFR (Azahar and Nik Mohd. Shah, 2003): (1) 
The Rhizophora forest is the major forest type in the MMFR and comprises more than 80 percent of 
the total forested area. This forest has been subject to over 100 years of intensive management and 
is categorised as a productive forest. It mainly consists of two commercial species, Rhizophora 
apiculata and Rhizophora mucronata (Ong and Gong, 2013). (2) The Avicennia-Sonneratia forest 
is characterised by young stands that comprise Avicennia alba and Avicennia marina that dominate 
the mudflats of estuaries and foreshores. (3) The Bruguiera cylindrical forest occurs mainly on the 
seafront and is occasionally exposed to strong tidal waves. In contrast, Rhizophora produces 
significantly more charcoal than Bruguiera cylindrical forest and the location of the Bruguiera 
cylindrical forest makes timber extraction difficult. Hence large tracts of this forest still occupy 
their original sites. (4) The Bruguiera parviflora forest is found in locations toward the mainland 
and the seafront. These are opportunistic plants that take root quickly and are known to impair the 
growth of the more economically valuable Rhizophora species. The one closer to the mainland is 
comprised of a mixture of Bruguiera parviflora and Rhizophora species. (5) The ‘Transitional New 
Forest’ is comprised of older stands of Avicennia and intermittent newly formed stands of 
Rhizophora and Bruguiera. These forests are protected to ensure the continuity of the transition 
process. The Transitional Dryland Forest characterises the point where Bakau forest is succeeded by 
Dryland Forest. Rhizophora stands are sparse and the composition of this forest is dominated by a 
large population of relic Bruguiera and the forest floor is densely carpeted with Acrostichum ferns. 
These two classes have been combined and labelled as the ‘Transitional Forest. (6) The Dryland 
forest occurs in the more elevated interior of the island and mainland reserves which are 
occasionally inundated only by exceptional or equinoctial tides. This marks the transition to inland 
forest and the final stage of mangrove succession and has the richest species diversity among all of 
the forest types in the MMFR (Azahar and Nik Mohd. Shah, 2003). 
 
The integration of the ancillary data will assist ecological applications, such as the delineation of 
forest species, age and stand structure. The inclusion is expected to reduce the uncertainty in the 
estimates derived in this study by enabling the stratification of the image data set and refinement of 
the classification result. It has also been shown that the inclusion of stand age and land-cover type 
can effectively improve the accuracy of the aboveground biomass estimates and can contribute 
significantly to the reduction of uncertainty in the estimation of standing aboveground biomass (Lu 
et al., 2012; Powell et al., 2010; Song, 2013; Zheng et al., 2007). More importantly, the two sets of 
ancillary data are used as reference maps in this study for the purposes of error and accuracy 
assessment. 
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6.2.4 Image datasets 
 
The satellite images used in this study were cloud-free subset of the Matang Mangrove Forest 
Reserve derived from nine Landsat archive scenes: (1) Thematic Mapper (TM) scene, acquired on 
May 26, 1988; (2) TM scene, acquired on February 7, 1995; (3) Enhanced Thematic Mapper Plus 
(ETM+) scene, acquired on December 12, 1999; (4) ETM+ scene, acquired on March 3, 2001; (5) 
TM scene, acquired on December 14, 2009 and (6) Landsat 8 scene, acquired November 23, 2013. 
All the images were downloaded freely via the U.S. Geological Survey website.  
 
The 1999 Landsat 7 ETM+ image was used for the final assessment of Landsat’s application in 
species and stand age delineation at the MMFR because it coincided with the year the reference 
map was produced. The 2009 Landsat 5 TM image was used in the final assessment of Landsat’s 
application in biomass estimation because it closely matched the time the ground datasets were 
obtained. It also coincided with the end of the cycle of activity for the 2000-2009 Working Plan. 
The subset has been clipped to primarily include the mangrove extent of the MMFR and a portion 
of the surrounding area. The software used included ENVI, ArcGIS 10.1 and eCognition. 
 
6.3 Methodology 
 
The methodology of this study comprise of two phases (see Figure 6-4). The first phase (coloured 
yellow) involved image correction tasks and the second phase (coloured green) comprised three 
different ecological applications. The three ecological applications assessed in this study were 
aboveground biomass estimation, species delineation and stand age delineation. 
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Figure 6-4: Methodology overview. 
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6.3.1 Image pre-processing 
 
Geometric correction is an important step in remote sensing image processing. The ability to extract 
spatial information from satellite images through the integration of data sets requires the image to 
be corrected for geometric distortion. Understanding the relationship between image to ground and 
image to image attributes is essential for extracting information from the image data sets (Duggin 
and Robinove, 1990). Recognising and identifying geometric distortion and applying the respective 
corrective measures to the affected input would generate an output that would represent a non-
distorted image data set with similar coordinates, projection and datum to facilitate and enhance 
image integration and spatial information extraction (Kardoulas et al., 1996). 
 
Although the L1G level Landsat dataset data were geometrically corrected, its geometrical accuracy 
was not sufficient to combine with the field datasets or other ancillary datasets (Lu and Weng, 
2004). The image was georeferenced to the Rectified Skew Orthomorphic (RSO) projection system 
for Peninsular Malaysia based on the topographic map series L 7030 that has scale of 1: 50 000 
acquired from the Department of Survey and Mapping Malaysia (JUPEM) which was used as 
reference map for this process.  
 
The ensuing image pre-processing included radiance calibration, reflectance calculation, 
atmospheric correction and the validation of all of the resulting output images. These processes 
ensure that the radiometric errors inherent in the acquired image datasets are minimized. In the 
process of the radiance and reflectance calibration, the raw digital numbers obtained from the image 
dataset, which include effects that originate from sensor calibration and interferences from 
atmospheric effects (Riano et al., 2003), were converted to radiance and then to sensor reflectance 
using an exo-atmospheric model as prescribed by NASA (Chander et al., 2009). The improved 
image-based dark object subtraction (DOS) model was used to implement the atmospheric 
correction (Chavez, 1988, 1996). 
 
6.3.2 Species delineation 
 
We segregated the non-mangrove forest, water bodies and mud flats from the image dataset by 
incorporating the ancillary. This allowed us to extract a consistent subset of the study area. 
Although it is possible to visually segregate and manually digitize the outer borders of the 
mangrove forest reserve using false colour composite (either with a combination of band 4 (near 
infrared; NIR), band 5 (shortwave infrared; SWIR) and band 7 (SWIR), a combination of the band 7 
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(SWIR), band 5 (SWIR) and band 4 (NIR) or a combination of band 5 (SWIR), band 4 (NIR) and 
band 3 (visible red)), the incorporation of borders from the ancillary GIS-based map ensured that 
areas that had been cleared-felled close to the study area border would be included in the subset that 
was produced. The false colour composite using the combination of band 5 (SWIR), band 4 (NIR) 
and band 3 (visible red) was selected to be used for the other parts of this study to better reflect and 
represent the vegetation and cleared area in the study area (Figure 6-5). The image was thoroughly 
checked and manually corrected for any accretion or erosion that might not have been captured by 
the base map. The resulting subset allowed for a consistent image to be compared across the 
different types of assessments in this study.  
 
Figure 6-5: An extract of the study area from the 1999 Landsat 7 ETM+ false colour composite 
image combining band 5 (SWIR), band 4 (NIR) and band 3 (visible red). 
 
 
 
First, we applied the method employed by Ward et al. (2000) by applying an unsupervised 
classification algorithm (ISODATA) to the image dataset with a composite of NDVI, band 5 
(SWIR) and band 3 (visible red) to differentiate between vegetated and non-vegetated areas. 
Second, we applied the supervised classification approach to determine if it was a suitable option 
for the study area. For this approach, the training sites were selected and reviewed to identify if 
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there were overlaps by scrutinizing the distribution of the training sites through the application of 
the statistical tools in the ENVI software package. The overall class separability of the selected 
training pixels was calculated through the Jeffries-Matusita separability index (Thomas et al., 
1987). Several pairs of the classes from the training sites within the mangrove forest had figures 
below the threshold level of 1.7 which indicated moderate to poor separability. The Maximum 
Likelihood, an algorithm based on Bayes Theorem, that uses a discrimination function to assign 
pixel to the class with the highest likelihood, was then applied because the other algorithms that 
were tested had resulted in a large amount of unclassified pixels. 
 
A visual inspection of the false colour composite, in combination with detailed knowledge and an 
understanding of the forest structure of the MMFR, showed that groups of pixels had reflected 
distinct and divisible visual appearance. This characteristic was undoubtedly influenced by the 
silvicultural practices that had been implemented in the area for more than a century. In the third 
assessment, we applied the object-based approach to enable these pixels to be segmented and 
clustered into meaningful homogenous objects. It allowed additional information apart from 
spectral reflectance characteristics, such as object texture and shape, to be incorporated into the 
assessment. 
 
We applied the top-down segmentation strategy, which involved the subdivision of objects with 
larger-scaled parameters to smaller-scaled parameters. After numerous experiments and careful 
adjustments, the objects were organized into segments that best isolate and reflect the characteristics 
of the spectral reflectance and spatial information of the pixels as a group. Based on our 
understanding of the forest stand structure we selected the multi-resolution segmentation with a 
scale parameter of 10 to produce homogenous objects, which we find best to represent the forest 
and on which the analyses were based (see Figure 6-6). 
 
Figure 6-6: Example of the image segmentation in different scale parameters of the study area 
from the 1999 Landsat 7 ETM+ false colour composite image combining band 5 
(SWIR), band 4 (NIR) and band 3 (visible red). 
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The multi-resolution segmentation was primarily focused on averaging out the spectral information 
in each of the objects generated in the segmented image. Based on these average pixel features, a 
rule-based classification approach was then utilised to delineate the mangrove species found in the 
MMFR. Our knowledge of the area and the divisible visual appearance of the objects allowed us to 
experiment with all the different bands available on Landsat 7 ETM+ effectively. We were able to 
apply a progressive spectral differentiation classification process which was essentially a step by 
step systematic elimination and classification process of the segmented objects. It involved multiple 
steps of delineating one class of species at a time based on their spectral reflectance. One or more 
bands were used in each of the processes. 
 
6.3.3 Stand age delineation 
 
For the pixel-based assessment, we replicated the unsupervised and supervised classification 
process (described in detail in the species delineation assessment methodology section of this 
manuscript). For the object-based analysis approach, we initiated a visual examination of designated 
subsets from the MMFR on a series of Landsat Thematic Mapper (TM)/Enhanced Thematic 
Mapper Plus (ETM+) images from 1988 to 2009 to relate the visual appearance of the pixel to the 
observed forest tree density data presented in Table 1. For practicality purposes, we provided two 
examples from the visual inspection exercise and these are described in the results and discussion 
section. The inclusion of ancillary data and expert knowledge were crucial in relating the changes in 
spectral reflectance to the stand age structure of the mangrove forest reserve. In order to maintain 
continuity in the assessments performed in this study, we applied the object-based progressive 
spectral differentiation classification process but altered the rule sets to focus on the delineation of 
clear-felled areas, young mangrove forest and mature mangrove forest. 
 
6.3.4 Aboveground biomass estimation 
 
Regression analysis was used to model the relationship between the spectral signatures obtained 
from the image data set and the available field datasets. This approach has been widely used in the 
estimation of above ground biomass (Basuki et al., 2013; Hall et al., 2006; Sarker and Nichol, 2011; 
Yan et al., 2013; Zheng et al., 2004; Zheng et al., 2007). In this assessment, we adopted a simple 
nonlinear regression model to conduct a preliminary assessment of the relationship between the 
above ground biomass and selected reflectance values (Hall et al., 2006; Popescu, 2007; Zheng et 
al., 2004). The decision was based on the examination of the scatter plot and correlation coefficient 
of all the spectral bands and major vegetation indices, which elucidated a mainly curved or 
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nonlinear relationship between the variables of interest (Li et al., 2010). The method selected will 
address the issue of nonlinear relationships between spectral responses or vegetation indices with 
estimated biomass. 
 
The approach used the spectral reflectance or vegetation indices derived from the image as an 
independent variable and the ground sample plot biomass measure as the dependent variable. It 
provided the ability to scale up the spatial distribution and flux of biomass over the entire areal 
extent of the study area by combining limited ground measurements of forest stand structure with 
remotely sensed data (Maniatis and Mollicone, 2010; Ploton et al., 2012). Our focus was first to 
identify and select the best independent variable from the spectral bands or the vegetation indices 
derived from the spectral bands to be used on the assessment of the applicability of utilizing 
Landsat as a tool to estimate biomass at the MMFR. The selection was made based on the 
correlation coefficient between the independent and dependent variable. 
 
It is also important to note that in our bid to reduce image misregistration issues (which occur when 
the ground sample plots are matched with a pixel that is meant to represent the plot on the ground) 
we created a buffer surrounding the sample point on ground to create an area of approximately one 
hectare. This size was based on the assumption that the ground sample plots represented the 
biomass of one hectare of its surrounding area. We used ArcGIS to extract the average values of the 
pixels that fall within the buffer zone. 
 
6.3.5 Error and accuracy assessment 
 
6.3.5.1  Species and stand age delineation 
 
Error and accuracy assessment is an integral component in the application of remotely sensed data 
in forest monitoring and management projects (Congalton, 2001). This study assessed error levels 
averaged for all information classes (overall map error) and the error levels for the individual 
information class involved (individual class error).  It utilized an error matrix to quantitatively 
assess the relationships between the ground reference information (ancillary data or established 
ground sample plots) and the classification data output (Foody, 2002; Stehman, 1997). 
 
Whilst the overall accuracy of the error matrix gave us an overall view of the accuracy of the 
classification, it is an average value that would not reveal if an error was evenly distributed between 
classes or how classes fared in the classification. The inclusion of user’s accuracy (which relates to 
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the error of inclusion) and producer’s accuracy (which relates to the error of exclusion), allowed the 
evaluation to be performed on a class by class basis, providing the study with a more meaningful 
evaluation. Kappa, on the other hand, highlighted the difference between the actual agreement and 
the agreement expected by chance. It can also be used to make comparisons between two different 
error matrices. This method will only be used to assess, evaluate and compare the results for only 
two of the three image analysis task in this study; the species and stand delineation. 
 
We have selected the proportionate stratified random sampling method to generate our ground 
sample points. The sampling design ensured that the number of random samples from each stratum 
was proportionate to the areal extent of the designated classes. The unbiased random points were 
generated by utilizing random point generator application in the ESRI ArcGIS 10.1 software 
package. 
 
6.3.5.2  Aboveground biomass estimation 
 
The remote sensing based biomass estimation methods entailed an investigation into the strength of 
the relationship between the image dataset and the ground-derived components of biomass (Foody 
et al., 2003; Zheng et al., 2004). In this study, a parametric approach was used to develop equations 
of the observed relationship by using regression models. Therefore the error and accuracy 
assessment of the application was based on the evaluation of the coefficient of determination values 
(R2) and the predictive capability of the developed regression model (Popescu, 2007). It was 
performed by comparing differences in R2 and root mean square error (RMSE) (Li et al., 2010). 
 
6.4 Results and discussion 
 
6.4.1 Species delineation  
 
After several experiments it was determined that there were difficulties in differentiating stands 
within the mangrove forest as most of these areas shared similar spectral signatures. The 
unsupervised classification approach in species delineation was limited (Figure 6-7). We were only 
able to achieve distinct separation between the entire mangrove forest as a whole and the clear 
felled area. An error and accuracy assessment was not conducted as the qualitative assessment 
which involved visual examination of the classified image showed that this method was not 
applicable in the application of species delineation for the study area. 
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Figure 6-7: The pixel-based unsupervised classification image output based on the subset of 
  the 1999 Landsat image dataset. 
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In the supervised classification result, the productive Rhizophora forest, the Dryland forest and the 
clear felled areas were segregated. However, as seen in the results of the classification (Figure 6-8), 
the Avicennia – Sonneratia forest, Bruguiera cylindrica forest, and Bruguiera parviflora forest were 
spread throughout the forest and created a ‘salt and pepper effect’ on the image. We were also 
unable to delineate the Transitional Forest. Based on the visual examination of the classified 
images, it was determined that the supervised classification did not warrant an error and accuracy 
assessment for the application of species delineation. 
 
In the object-based image analysis approach, we were able to delineate the productive Rhizophora 
forest, the Dryland forest, the Avicennia – Sonneratia forest and the clear felled areas. The 
segmentation approach had overcome the salt and pepper effect observed in the supervised 
classification approach (Blaschke et al., 2008). The results showed a clear progression from the 
unsupervised classification approach (which had only been able to distinguish clear felled areas and 
the entire mangrove forest as a whole) to the supervised classification (which enabled the 
delineation of the Dryland forest, the productive Rhizophora forest and the clear felled areas). 
 
As we progressed through the rule-based delineation process and classified the clear felled areas 
(the productive Rhizophora forest, the Avicennia – Sonneratia forest and the Dryland forest, in that 
order), it became apparent that the remaining unclassified objects could not be spectrally or 
spatially discriminated. We took the decision to combine the remaining unclassified group of pixels, 
which consisted of the transitional forest, the Bruguiera cylindrica forest and Bruguiera parviflora 
forest, to form a single class and labelled it “Other Mangrove Forests”. 
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Figure 6-8: The pixel-based supervised classification image output based on the subset of the 1999 
Landsat image dataset. 
 
 
 
91 
 
In addition, the clear felled areas in the MMFR which previously consisted of productive 
Rhizophora mangrove trees were reclassified as Rhizophora forest for accuracy assessment 
purposes as the reference map did not include clear felled areas. The reclassified reference map and 
the resulting object-based classification image are presented in Figure 6-9 for visual comparison. 
 
Based on our knowledge of the study area and a visual examination of the object-based classified 
image we concluded that the image did not contain major errors and was a qualitatively acceptable 
comparison to the reference map. To complete the assessment of Landsat’s application in mangrove 
species delineation at the MMFR, we subjected the image to a quantitative accuracy assessment by 
computing and producing the error matrix, using the second set of ancillary data as a reference map. 
The class with the least area of coverage was assigned with a minimum number of 50 random and 
unbiased sample points and it was scaled upwards proportionately based on the area of coverage for 
the other classes (Story and Congalton, 1986). The result of the error and accuracy assessment is 
presented in Fig. 6-9 (bottom table). 
 
The accuracy assessment results indicated an overall accuracy of 83%. The Khat coefficient fell 
within the moderate agreement range of 0.40 – 0.80 (Landis and Koch, 1977). The producer’s and 
user’s accuracy provided the assessment with an overview of how the error was distributed across 
the different classes. From the producer’s accuracy, we can see that the Avicennia – Sonneratia 
forest class had the lowest omission error between all the classes followed closely by the 
Rhizophora forest class. The omission error for the combined class (of the transitional forest, the 
Bruguiera cylindrica forest and Bruguiera parviflora forest) of 60% clearly reflected the 
delineation problem. 
 
The user’s accuracy on the other hand, showed that the Rhizophora forest class had the lowest 
commission error, indicating that 95% of the time that an area visited by the user would actually be 
a Rhizophora forest. The combined class of the transitional forest, the Bruguiera cylindrica forest 
and Bruguiera parviflora forest had the highest commission error of 72%. The details of the 
breakdown indicated that the Rhizophora forest class and the Avicennia – Sonneratia forest class 
were highly miss-classified as the combined class. 
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Figure 6-9: (Left map) The reclassified 1999 reference map. (Right map) The object-based classified 
image output based on the subset of the 1999 Landsat image dataset. (Bottom table) The 
error matrix for the object-based classified image versus the reclassified reference map. 
(RHI = Rhizophora forest, AVI = Avicennia – Sonneratia forest, OTHERS = a 
combination of the transitional forest, the Bruguiera cylindrica forest and Bruguiera 
parviflora forest, DRY = the Dryland forest). 
 
 
 
  
REFERENCE MAP 
 PRODUCER'S USER'S 
 
CLASSES RHI AVI OTHERS DRY TOTAL ACCURACY ACCURACY 
 
RHI 889 6 32 6 933 88% 95% 
CLASSIFIED AVI 28 78 21 0 127 89% 61% 
MAP OTHERS 76 4 35 11 126 40% 28% 
 
DRY 21 0 0 33 54 66% 61% 
 
TOTAL 1014 88 88 50 1240 
  
 
OVERALL ACCURACY:        83% 
 
 
   
 
KAPPA:                                0.55 
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In response to the results and the fact that the MMFR is managed for the more commercially 
valuable species identified as the Rhizophora forest class, we decided to delineate the forest type 
into two classes; the high production forest and low/non production forest. The high production 
forest typically represents the commercially valuable Rhizophora forest while the low/non 
production forest comprise of the Avicennia – Sonneratia forest, the Bruguiera cylindrica forest and 
Bruguiera parviflora forest, the transitional forest and the Dryland forest. As this assessment was 
focused on the practical implication of species delineation utilising Landsat images in a managed 
mangrove forest, the ability to detect, identify and monitor these two classes can be a valuable 
management tool if quantitatively proven to be reliable. 
 
The reclassified reference map and the resulting object-based classification image are presented in 
Figure 6-10 for visual comparison. A visual inspection of the classified image showed no major 
errors. The image was determined to be a qualitatively acceptable comparison to the reclassified 
reference map. We then computed and produced an error matrix to quantitatively assess the 
classified image using the second set of ancillary data as a reference map. The low/non production 
classes which had the least area of coverage were assigned with 100 sample points and the high 
production classes were scaled upwards proportionately based on area of coverage. The result of the 
error and accuracy assessment is presented in Figure 6-10 (bottom table). 
 
There was an increase in the overall accuracy of the adjusted classification to 88%. Although the 
Khat coefficient increased to 0.62, it was still within the moderate agreement range of 0.40 – 0.80. 
The omission error of the high production forest was 9% while its commission error was 6% 
percent which meant that 91% of the high production forest was correctly identified as high 
production forest and 94% of it was actually a high production forest. The combination of forests 
labelled non/low production forest showed a 36% omission error and 34% commission error. 
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Figure 6-10:   (Left map) The reclassified 1999 reference map based on economic importance of the 
species. (Right map) The reclassified object-based classified image output based on the 
subset of the 1999 Landsat image dataset. (Bottom table) The error matrix for the 
reclassified object-based classified image versus the reclassified reference map. 
(HIGH =  High Production Forest which comprise mainly of the Rhizophora forest, 
NON/LOW = Non/low Production Forest which comprised of a combination of 
Avicennia – Sonneratia forest, the Bruguiera cylindrica forest and Bruguiera parviflora 
forest, the transitional forest and the Dryland forest). 
 
 
 
 
    
REFERENCE MAP    
PRODUCER'S 
ACCURACY 
USER'S 
ACCURACY   CLASSES HIGH NON/LOW TOTAL 
CLASSIFIED  HIGH 387 26 413 91% 94% 
MAP NON/LOW 38 74 112 74% 66% 
  TOTAL 425 100 525     
  OVERALL ACCURACY:                         88%       
  KAPPA:                                                  0.62        
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6.4.2 Stand age delineation 
 
As demonstrated in the species delineation assessment, the unsupervised results could only 
delineate the mangrove forest and the cleared area but it was not cable of delineating the mangrove 
forest based on its stand age structure. Unlike the species delineation assessment, the supervised 
classification approach was more supportive, as the overall class separability of the selected training 
pixels (calculated through the Jeffries-Matusita separability index) showed a threshold level of more 
than 1.9 (indicating a good level of separability between the young mangrove forest, matured 
mangrove forests and the cleared area) (Thomas et al., 1987). However, because of the presence of 
a prominent salt and pepper effect, it was determined that the supervised classification did not 
warrant an error and accuracy assessment for the application of stand age delineation as it was not 
an efficient approach for the study area. 
 
The rest of the assessment was therefore focused on the object-based image analysis approach. In 
this section we present two examples of a visual examination on designated subsets at the MMFR 
from a series of Landsat Thematic Mapper (TM)/Enhanced Thematic Mapper Plus (ETM+) images 
from 1988 to 2009. These examples relate the visual appearance of the pixels in the subset images 
to the observed forest tree density data at the MMFR.  
 
In the highlighted area of the 1988 image in Figure 6-11, we could clearly see dark green coloured 
group of pixels that signified a matured coupe that was designated in the management plan for clear 
felling in 1991. By 1995, we see initial stages of re-growth in patches represented by loose clusters 
of bright green coloured group of pixels. The estimated average stand age of the rejuvenated part of 
the coupe at this point is approximately four years. The group of bright green coloured group of 
pixels became condensed as time passed reflecting an advanced stage of re-growth. Its visual 
appearance remained the same until 2001 at which time the stand age was estimated to be 
approximately 10 years old. In the 2009 image, the stand age was 18 years and had gone through 
the first thinning. As this stage the area within the highlighted area represented by dark green 
coloured group of pixels is clearly visible. The stand age was 23 years in the 2014 image and the 
coupe had already gone through its second thinning at 20 years of age, and it was still represented 
by dark green coloured group of pixels. 
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Figure 6-11:  The Matang Mangrove Forest Reserve silvicultural practices effect on the visual 
appearance of the images in False Colour Composite combining band 5 (SWIR), band 
4 (NIR) and band 3 (visible red). 
 
 
 
The characteristics of the colour change in pixels were also consistent in the example presented in 
Figure 6-12. The area was designated for clear felling in 1997. We can see after two years, the area 
was dominated by pinkish coloured group of pixels which represent the recently cleared area. In 
2001, the area had clusters of bright green coloured pixels representing early stages of regeneration. 
When the stand age was 12 years in 2009, we could see a condensed group of bright green coloured 
pixels. The effects of the first thinning in 2012 could still be seen in the 2014 image subset which 
was now represented by groups of dark green coloured pixels. 
 
Figure 6-12:  The Matang Mangrove Forest Reserve silvicultural practices effect on the visual 
appearance of the images in False Colour Composite combining band 5 (SWIR), band 
4 (NIR) and band 3 (visible red). 
 
 
 
Based on the tree density data that had been recorded in the MMFR and from the visual 
examination we concluded that the tree density simulated a closed canopy structure for the area up 
to a stand age of 13 years. This resulted in brighter green coloured group of pixels of the false 
colour composite of band 5 (SWIR), band 4 (NIR) and band 3 (visible red). As the stand grew older 
and the area was exposed to management and natural thinning, the tree density declined drastically 
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and it adopted an open canopy structure resulting in darker green coloured group of pixels. The 
forest stand structure of the MMFR was found to be in contrast to a natural tropical forest which is 
characterized by complex forest stand structure and abundant vegetation species. The fact that 
Landsat data primarily captures canopy information (Lu et al., 2004), the stand age delineation 
application is a considerable added advantage. 
 
The object-based classified image and the reclassified reference map from the MMFR operational 
map is presented in Figure 6-13. Coupes with available stand age were backdated to reflect the age 
in 1999. The coupes were also separated into two age groups; young and matured mangrove forest. 
The young mangrove forest age group comprised of mangrove forests of 1 to 13 years of age and 
the mature mangrove forest comprised of tree with stand age that were 13 years or older. 
 
The initial visual inspection revealed that there was a remarkable similarity in shape between a 
large number of the management coupes and the classified objects. We were also able to eliminate 
the salt and pepper effect found in the supervised classification results. We subjected the image to a 
quantitative accuracy assessment by computing and producing the error matrix, using the first set of 
ancillary data as a reference map. The stratified random sampling points were generated and 
constrained to areas with available stand age. The young mangrove forest class was assigned 50 
random sample points while the mature mangrove forest was assigned 150 random sample points 
proportionately based on its area of coverage of the study area. To facilitate the assessment and 
focus on the delineating the designated stand age, we excluded object classified as Dryland forest 
and clear felled area from the error and accuracy analysis. 
 
The accuracy assessment result indicated an overall accuracy of 90% (see bottom table in Figure 6-
13). The Khat coefficient was in the upper range of the moderate agreement at 0.74. Both these 
figures exceeded those obtained from the previous assessment of species delineation. The mature 
mangrove forest class had the lowest omission and commission error. After scrutinizing the 
misclassified group of pixels, we discovered that the errors were not caused by problems of spectral 
or spatial segregation but were primarily because of one of the following two reasons; a delay in 
harvesting or an extended re-growth period. If the delays are taken into consideration, the results 
could be far better than reported. 
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Figure 6-13:   (Left map) The reclassified reference map of Matang Mangrove Forest Reserve based 
on age groups of 13 years and below for young mangrove forest and over 14 years for 
matured mangrove forest. (Right map) The reclassified object-based stand age 
classified image output based on the subset of the 1999 Landsat image dataset. (Bottom 
table) The error matrix for the object-based classified image versus the reclassified 
reference map. 
 
 
 
  
REFERENCE MAP 
 PRODUCER'S USER'S 
 
CLASSES MATURE YOUNG TOTAL ACCURACY ACCURACY 
CLASSIFIED MATURE 139 9 148 93% 94% 
MAP YOUNG 11 41 52 82% 79% 
 
TOTAL 150 50 200 
  
 
OVERALL ACCURACY:            90% 
   
 
KAPPA:                                     0.74 
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It was unfortunate that we were not able to compute an error matrix that could include the classified 
clear felled area. The operational map had only identified the year that clear felling would take 
place and considering the fact that harvesting could have taken place at any time during the 
determined year, it would have been almost impossible to reclassify the reference map to include 
the clear felled areas that corresponded to the date of the selected image. However, based on a 
detailed visual examination and our knowledge of the study area, we were able to conclude with 
reasonable confidence that we had accurately delineated the clear felled areas based on its unique 
spectral characteristics resulting from the absence of vegetation. In addition, clear felled areas that 
are already visually prominent stand out even more in a systematically managed forest. 
 
In summary, our findings in the assessment of delineating stand age using Landsat imagery point 
towards a successful delineation of three categories of the forest based on the proposed age group. 
We were able to distinctively categorise clear felled area (no trees), young mangrove forest (stand 
age up to 13 years) and mature mangrove forest (stand age above 13 years). 
 
6.4.3 Aboveground biomass estimation  
 
Biomass is the total dry weight of an entire living plant. It is a biophysical parameter that does not 
have direct physical relationship with the spectral reflectance signatures derived from Landsat 
imagery but can estimated and mapped using parameters that are related to it, such as the Leaf Area 
Index and canopy cover (Song, 2013).  Biomass estimation derived from remotely sensed data is 
broadly used to help identify forest successional patterns which can be a crucial tool in the planning 
and management of a production mangrove forests (Barbosa et al., 2014). The main limitation of 
using Landsat imagery as a primary data source to estimate and map forest tropical biomass 
distribution is data saturation which often occurs in mature forest and in forest with complex stand 
structure (Lu, 2005; Lu et al., 2012; Song, 2013; Steininger, 2000). 
 
Landsat archive data have been shown to provide reliable aboveground biomass estimation in forest 
with simple structure (Lu et al., 2012; Lu et al., 2004). In the case of the MMFR, a mature forest is 
characterised by a drastic decline in tree density as it exceeds the stand age of 13 years. In addition, 
the forest is not comprised of complex stand structure as it is largely dominated by even-aged stands 
of Rhizophora forest. In theory, these factors should support the suitability of Landsat archive 
imagery for biomass estimation in the study area, with an added advantage being that there would 
also be less risk of data saturation. 
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Following the results of the previous assessments, we were able to delineate the Dryland Forest and 
the clear felled from the analysis and apply a location and species specific allometric equation to 
derive mainly mangrove forest ground plot biomass. In this assessment we utilized the 2009 
Landsat 5TM imagery to get the best and closest possible match to the date the ground data samples 
were collected. The year also coincided with the completion of the third 10-year period of the 
second rotation of the MMFR (The 2000-2009 Working Plan). 
 
The independent variables included six bands and eight different vegetation indices derived from 
the image dataset used in the assessment. We chose the near infrared band (NIR) and Enhanced 
Vegetation Index (EVI) as the independent variable for the regression analysis as these both 
displayed the two highest correlation coefficient values amongst all the selected variables (see 
Table 6-4). The Normalized Difference Vegetation Index (NDVI) was included in the assessment 
because it was the only one variable that had a positive correlation to the estimated biomass derived 
from the ground sample plots. 
 
Table 6-4: (Top) The correlation coefficient and the significance of the correlation coefficient 
between the 2009 Landsat 5 TM image bands and the sample plots estimated biomass. 
(Bottom) The correlation coefficient and the significance of the correlation coefficient 
between selected vegetation indices derived from the 2009 Landsat 5 TM image and the 
sample plots estimated biomass. 
  
 
Correlation Coefficient (LANDSAT 5 TM) 
 
Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 
 
Sample Plots 
Estimated Biomass 
 
 
-0.22821 
(t =-3.45) 
 
-0.45915 
(t =-7.60) 
 
-0.33934 
(t =-5.30) 
 
-0.57070 
(t =-10.21) 
 
-0.31525 
(t =-4.88) 
 
-0.15929 
(t =-2.37) 
 
 
 
Correlation Coefficient (LANDSAT 5 TM) 
 
SR NDVI SAVI ARVI SARVI TVI VARI EVI 
Sample Plots 
Estimated 
Biomass 
 
 
-0.1732 
(t =-2.59) 
 
 
 
 
0.17473 
(t= 2.61) 
 
 
 
-0.5442 
(t=-9.53) 
 
 
 
-0.0882 
(t=-1.30) 
 
 
 
-0.5272 
(t=-9.12) 
 
 
 
-0.5064 
(t=-8.63) 
 
 
 
-0.4316 
(t=-8.63) 
 
 
 
-0.5522 
(t=-9.73) 
 
 
 
 
We used a simple nonlinear regression analysis. The analysis was performed at both pixel and 
segment level by computing the average value of each variable for the pixels that fall within the 
buffer zone created (pixel-based method) or the image segments (object-based method). These 
values were than related to the ground plot estimated biomass. In order to be consistent, the buffer 
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was maintained in the object-based method although the averages were derived entirely from the 
segments. Buffers that did not fall completely within the segments generated were removed 
resulting in only 173 training data that were used. We evaluated the coefficient of determination 
(R²) to determine the model performance (Table 6-5). 
 
Table 6-5: The coefficient of determination (R2) and the sample size (n) utilized in the regression 
analysis of the 3 variables selected. 
 
VARIABLE 
METHODS 
PIXEL OBJECT-BASED 
R-Squared n R-Squared n 
NDVI 0.021 219 0.001 173 
EVI 0.464 219 0.462 173 
BAND 4 (NIR) 0.501 219 0.433 173 
 
The independent variable found best to estimate a relationship between the biomass and Landsat 5 
TM spectral data was the NIR band. The pixel-based method had the best fit compared to the 
object-based method with an R2 of 0.501. This corresponded to that NIR was a major component of 
the rule set devised for the species and stand age delineation application. The pixel-based results are 
presented in Figure 6-14.  
 
Figure 6-14:  Pixel-based simple non-linear regression results. 
 
 
 
As evident in the results, the application of an object-based model did not seem to improve any of 
the pixel-based method results. We postulate that the lack of improvement in the performance of the 
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object-based model could potentially have been caused by the reduction in sampling plots and more 
importantly, by the ad hoc manner the ground sample plots were assigned to the segments in our 
analysis. This would have meant that most of the segments generated in the object-based approach 
could not have been well represented by the ground sample plots.  
 
In this assessment we have addressed several critical issues associated with remote sensing based 
biomass estimation methods (Lu et al., 2012; Song, 2013; Wang et al., 2011): (1) we have provided 
the study with a sufficient number of ground sample plots; (2) we have addressed possible plot 
location errors; (3) we have included ancillary forest inventory data; (4) we have applied a species 
and location specific allometric equation to estimate the ground sample plot biomass; (5) we have 
selected a suitable algorithm to establish biomass estimation models; and (6) we have used suitable 
methods to analyse the uncertainties of the estimates. 
 
Despite all the considerations, the overall results indicate that the application of Landsat data in the 
estimation of aboveground biomass in a managed mangrove forest has not been as successful as its 
application in species and stand age delineation. However, it should be clarified that the results 
should not be taken as a definitive conclusion to exclude the application of Landsat data in future 
aboveground biomass estimation exercise. We have chosen to keep the analysis relatively simple in 
this assessment as means to provide an indicative result and to focus on identifying the potential 
factors that should be considered in estimating biomass in the study area.  
 
6.5 Conclusions and Future Work 
 
In this study, we have analysed the application of Landsat archive derived data in the planning and 
management of three key areas in a managed production mangrove forest in Malaysia. Our overall 
results show there is considerable potential for the application of Landsat derived data in the 
management of the MMFR. The analysis and interpretation of multi-temporal Landsat archive 
observations can enhance the capability of scientific monitoring and management agencies in 
detecting changes in the forest ecosystem.  
 
In the species delineation assessment, we found that the object-based method with rule sets derived 
from spectral level thresholds and progressive delineation, segregated three out of the seven 
categories of species  in the study area. We were able to distinguish between the Rhizophora forest, 
the Dryland forest and the Avicennia – Sonneratia forest. The preliminary application was further 
refined to delineate between the high production forest, which comprised of the commercially 
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valuable Rhizophora forest, and the non/low production forest, which comprised of all other non-
commercial species. Based on our findings and depending on the level of accuracy desired by the 
user, the application of species delineation using Landsat archive imagery could be tailored to fulfil 
two key management objectives at the MMFR: (1) to distinguish between mangrove forest and the 
Dryland forest; and (2) to distinguish between commercially valuable species and non- 
commercially valuable species.  
 
In the stand age delineation assessment, we found that the unique environmental setting in the 
MMFR played an important role in the distinct visual appearance of the pixels in the image 
datasets. It allowed us to efficiently segregate the pixels into groups of homogenous objects which 
represented the clear felled areas, forest with stand age of 13 years and below (young mangrove 
forest) and forest with stand age that were 13 years or more (mature mangrove forest). The ability to 
produce a highly accurate stand age structure map based on the three defined categories provides 
effective useful management tool. The application could be used: (1) to monitor the overall stand 
age structure at a point in time; (2) to monitor the change in the stand age structure over a period of 
time; (3) to assist in the management and allocation of coupes designated for production purposes; 
(4) to monitor the regeneration or restocking of clear felled areas; and (5) it could potentially be 
used as a proxy to provide a general spatial and temporal distribution of aboveground biomass of 
the mangrove forest reserve. Future study on stand age delineation should capitalize on the recent 
launching of Landsat 8 to build a more consistent multi-temporal analysis of how the silvicultural 
practices in the MMFR affect the spectral reflectance derived from the Landsat images.  
 
The results presented in this paper are not sufficient to justify the use of the Landsat archive in 
estimation of biomass in the MMFR. Although the pixel-based method yielded a better result than 
the object-based method, we suggest future research to look into establishing sample plots after the 
image processing task of segmentation has been completed. 
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Abstract 
 
The Matang Mangrove Forest Reserve has been managed for more than a century for the extraction 
of timber used in the production of poles and charcoal. It is widely recognised as the most 
sustainably managed mangrove forest in the world. However, as of late, evidence of multiple 
ecosystem services declines have begun to emerge. The primary objective of this study was to apply 
remote sensing techniques to assess the impact of the silvicultural practices employed at the 
mangrove forest reserve on the provision of these critical ecosystem services. We applied an object 
based approach to classify multi-temporal Landsat imagery. The classified images enabled us to 
characterise and analyse the spatiotemporal changes in the distribution of stand age composition 
and structure over a 35 year period. Our results revealed a relatively stable composition of clear 
felled areas, young and mature mangrove forests throughout the observation period. Vital area 
statistics indicated that the management had successfully implemented its management strategy by 
keeping a stable and well balanced forest stand structure. In contrast, the results of the ecosystem 
105 
 
services assessment performed on the mangrove forest reserve greenwood yield, the production of 
blood cockles and the habitat of migratory birds had shown varying forms and degrees of 
deterioration. We established a link between the classified images and the ecosystem services 
assessment based on the assumption that the classification results provided a reliable proxy for an 
indirect analysis on the temporal and spatial distribution of aboveground biomass of the mangrove 
forest reserve. We analysed and related the potential impact of the observed changes derived from 
the classified images to the data obtained from the ecosystem services assessment. The analysis 
showed that the fluctuation in greenwood yield was affected by varying rates of regeneration, 
exposure to excessive thinning and delay in harvesting. The blood cockle production around the 
mudflats of the mangrove forest reserve were found to be subjected to both, timber extraction and 
natural coastal erosion. An undetected ecological change in the late eighties and anthropogenic 
disturbances were possible key factors behind the decline in the population of Milky Stork and 
migratory shorebirds. Our study signifies the importance of understanding and managing the trade-
offs and synergies that exists between ecosystem services in a managed mangrove forest. It is 
required to ensure the ability to formulate an effective ecosystem management and ensure a 
sustainable flow of all ecosystem services. 
 
7.1 Introduction 
 
The Matang Mangrove Forest Reserve (MMFR) is the largest tract of contiguous mangrove forest 
in Peninsular Malaysia. It has been primarily and sustainably managed for charcoal and pole 
production for more than a century (Chong, 2006; FAO, 2007). Apart from being recognised as a 
well-managed production mangrove forest, it is also one of the best studied mangrove ecosystems 
in Southeast Asia with an extensive range of data (Alongi et al., 2004). Over the years, through the 
integration of new advancements in knowledge and technology, the forest management strategy for 
the MMFR has slowly evolved, from one that was strictly focused on production, to one that 
incorporates wider ecological objectives (Azahar and Nik Mohd. Shah, 2003; Gan, 1995; Jusoff and 
Taha, 2008). 
 
The MMFR has had a remarkable and lengthy track record for the sustainable production of 
charcoal and poles, maintaining a stable average areal extent of just over 40,000 ha. However, the 
relatively stable areal extent of mangroves has the potential to mask an equally significant change in 
the overall health of the ecosystem (Giri et al., 2007). The changes and implementation of 
production management strategies have had a distinct and complex influence over the provision of 
the ecosystem services generated by the MMFR (Duncker et al., 2012). The production of 
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commodities such as timber has often resulted in some form of degradation in the provision of one 
or more forest ecosystem services (Nalle et al., 2004). The management objectives of producing 
marketed commodities, such as charcoal in mangrove forests, are often in conflict with protecting or 
improving ecosystem health. Degradation of ecosystem services can also occur as a result of many 
other different causes and it is often difficult to determine if  the management strategies 
implemented were responsible (Carpenter et al., 2009). 
 
In this study, we have identified three key ecosystem services in the Matang Mangrove Forest 
Reserve that have either been in a state of decline or have exhibited states of periodical declines. 
We propose the use of a combination of remote sensing techniques to determine the change in stand 
age composition and structure over time. We then analyse and evaluate the impact of these changes 
on the generation of the critical ecosystem services at the MMFR. Our analysis is based on the 
assumption that the observed changes in stand age composition and structure derived from 
classifying multi-temporal Landsat Thematic Mapper scenes in this study provides a reliable proxy 
for  the spatial and temporal distribution of aboveground biomass at the MMFR. Finally, we explore 
the effects of timber extraction on the delivery of the ecosystem services. This work will be used to 
make inference about the potential cause or causes for the deterioration of the observed ecosystem 
services. The results of this study can inform the formulation of a more efficient ecosystem-oriented 
natural resources management strategies to  promote efficient and sustainable use of the ecosystem 
services as a whole (Bennett et al., 2009).  
 
7.2 Study area and data 
 
7.2.1 Study area 
 
The MMFR is located in the State of Perak in Peninsular Malaysia.  The forest covers an area of 
approximately 40,466 ha of which 29,794 ha is designated as a Production Zone, 2,892 ha is 
designated as a Restrictive Production Zone, 7,360 ha is designated as a Protective Zone and 420 ha 
is designated as an Unproductive Zone (Azahar and Nik Mohd. Shah, 2003). Timber extraction 
activity is concentrated in 73.6% of the forest and limited timber extraction is carried out in 7.1% of 
the forest while 19.3% is totally free from any human induced forestry activity. From the area of 
7,360 ha of the totally protected area, only 5,138 ha comprise of mangrove forest as the remaining 
forest coverage comprise of dryland forest. Figure 7-1 depicts the location of the study area and 
provides a detailed breakdown of the forest classes in the MMFR.  
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Figure 7-1: The location of Matang Mangrove Forest Reserve (right) and the breakdown of the 
management defined forest classes (left).  
 
 
Source:  Adapted from (Azahar and Nik Mohd. Shah, 2003; Hamdan et al., 2013). 
 
The forest is divided into 108 compartments and within each compartment lies coupes that are 
further segmented into sub-coupes which essentially represent the smallest forest management unit 
in the MMFR. The management employs a Clear Felling and Planting silviculture system. The 
forest are clear felled on a 30 year rotation. Intermediate felling or the thinning activity is carried 
out twice, first between the stand ages of 15 years to 19 years and second between the stand ages of 
20 years to 24 years.  
 
The lack of natural regeneration after clear felling is addressed through intensive manual replanting 
via the potted seedling or propagule planting technique. The management and silvicultural practices 
have resulted in vast areas of the managed forest to mainly compose of the commercially valuable 
Rhizophora forest (Alongi et al., 2004).  
 
7.2.2 Data 
 
The satellite images used in this study were cloud-free subsets of the MMFR derived from nine 
Landsat scenes: (1) Multispectral Scanner (MSS) scene, acquired on November 26, 1978; (2) 
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Thematic Mapper (TM) scene, acquired on May 26, 1988; (3) TM scene, acquired on June 14, 
1989; (4) TM scene, acquired on February 7, 1995; (5) Enhanced Thematic Mapper Plus (ETM+) 
scene, acquired on December 12, 1999; (6) ETM+ scene, acquired on March 3, 2001; (7) TM scene, 
acquired on December 14, 2009; (8) Landsat 8 scene, acquired November 23, 2013 and (9) Landsat 
8 scene, acquired on February 11, 2014. The latter two Landsat 8 images needed to be combined to 
create the latest cloud-free image of the MMFR.  
 
This study also integrated forest management spatial data as an ancillary data set to provide 
additional information and spatial attributes. This includes a management zone map adapted from 
the Perak State Forestry Department working plans of 2000-2009 (Azahar and Nik Mohd. Shah, 
2003). These data contain information on the compartments, coupes and sub- coupes boundaries, 
the stand age, the type of activity that the coupes will undergo and the year that activity is to be 
implemented. Meticulous record keeping by the Perak State Forestry Department enables the 
estimation of stand age in the any particular coupe to within three years of the actual age (Gong and 
Ong, 1995). The additional information provided by the geographically based attributes will enable 
the analysis to simulate expert knowledge across the entire study area.  
 
The reference map used to validate the classifications of this study was adapted from the base map 
produced for the 2000 – 2009 working plan (Azahar and Nik Mohd. Shah, 2003). The stratification 
process for the map was based on the photo-interpretation of 1989 and 1998 aerial photographs with 
the scale of 1:20 000 of the study area. The historical records and previous field inventory surveys 
conducted contributed further in enhancing the accuracy of the produced map.  
 
7.3 Methods 
 
7.3.1 Image pre-processing 
 
The image pre-processing task reduces environmental and remote sensing distortions of the image 
data sets utilised in this study. The geometric and radiometric correction were performed to correct 
and produce an image that resembles the true radiant energy and spatial characteristics of the data 
set at the time of acquisition to maximise the probability of extracting useful information from the 
data sets (Jensen, 2005; Lu et al., 2002; Schowengerdt, 2006).  
 
The image was georeferenced to the local topographic map series L 7030 that has scale of 1: 50 000 
acquired from the Department of Survey and Mapping Malaysia (JUPEM) with RMS less than 0.5 
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pixels. The raw digital numbers obtained from the image dataset, which included errors caused by 
changes in sensor performance and interferences from atmospheric effects (Riano et al., 2003), were 
converted to radiance and then to at sensor reflectance using an exo-atmospheric model as 
prescribed by NASA (Chander et al., 2009). The improved image-based dark object subtraction 
(DOS) model was used to implement the atmospheric correction (Chavez, 1988, 1996). The 
resulting at surface reflectance values ranged from 0 to 1 but were rescaled to the range of 0 and 
1000 to facilitate the object based image analysis. 
 
7.3.2 Image classification 
 
 A subset of the MMFR was extracted from the respective satellite images integrated with existing 
forest management zone maps. It was applied to a false colour composite image (Band 5, 4, 3) and 
minor manual digitizing adjustments were made to account for natural accretion and erosion. An 
object based approach extracted additional spatial and contextual information from the analysis 
(Blaschke, 2010). The approach utilises a set of rules, which comprise a series of segmentations and 
classification procedures, to produce sets of classified images. 
 
Based on the findings of Ammar et al. (2014a), three classes of stand age groupings were used: (1) 
young mangrove forest, comprise stands of 13 years old and below; (2) mature mangrove forest, 
comprising stands of 14 years and above;  (3) clear felled areas. Based on the working plans of the 
MMFR, the total Dryland forest area were 5.8 percent in 1970, 5.4 percent in 1980, 5.5 percent in 
1990 and 6.2 percent in 2000 (Azahar and Nik Mohd. Shah, 2003). 
 
7.3.3 Error and accuracy assessment 
 
Prior to analysing and establishing links between the ecosystem services assessment and the 
classified multi-temporal Landsat images, it was crucial to ensure that any inferences on the 
geospatial information gathered is based on accurate  and reliable maps. Error and accuracy 
assessment is an integral component of this study to ensure that the analysis is based on a classified 
map that has been generated with an acceptable level of accuracy (Foody, 2002; Thompson et al., 
2007). We validated the spatial information derived from all the individual images using the 
management zone of the Matang Mangrove Forest as a reference map (Figure 7-2). We selected a 
proportional stratified random sampling method so that the number of random sample points from 
each stratum is proportional to the areal extent of the designated classes. The error matrix was 
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employed to calculate the overall accuracy, user accuracy and producer accuracy for the designated 
classes. 
 
Figure 7-2: Reference map - The reclassified stand age map of Matang Mangrove Forest Reserve 
based on age groups of 13 years and below for young mangrove forest and over 14 
years for matured mangrove forest. 
 
 
 
Source: Adapted from (Azahar and Nik Mohd. Shah, 2003). 
 
The error and accuracy assessment was conducted on the Landsat Thematic Mapper (TM) image 
acquired in 1999 to correspond to the year the reference map was produced. The stratified random 
sampling points were generated in ArcGIS and constrained to areas where the stand age were 
available. The young mangrove forest class was assigned 50 random sample points while the 
mature mangrove forest was assigned 150 random sample points proportionately based on its area 
of coverage of the study area.  
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7.3.4 Assessment of ecosystem services 
 
Ecosystem services of interest in this study were estimated based on secondary data collected from 
the relevant state government agencies and were supported by data obtained from published 
sources. Blood cockle culture data were derived from the Perak Fisheries Statistics which are 
collected and maintained by the Perak Fisheries Department. The overall declining trend of the 
cockle culture industry is supported by the findings in Ellison (2008). The secondary survey data of 
migratory shorebirds were compiled by Wei et al. (2006a), Wei et al. (2006b) and Wei et al. (2007). 
The drastic decline in the population of migratory bird is reflected in the recent plea issued by 
Ismail (2012) to urgently investigate the decline of the Milky Stork in the west coast of Peninsular 
Malaysia. The greenwood yields were derived from the Working Plans of the MMFR issued by the 
Perak State Forestry Department. The fluctuating yields were noted in Putz and Chan (1985) and 
Gong and Ong (1995). 
 
7.4 Results 
    
7.4.1 Changes in the composition of the forest stand structure over time (1978 – 2014) 
 
Figure 7-3 depicts the time series classified map of the composition of the forest stand structure for 
the MMFR accompanied with the respective area and management statistics. Only four of the nine 
analysed Landsat images time period (1978, 1988, 1999 and 2009) closely coincided with the end 
of the 10 year management cycle implemented at the mangrove forest reserve which ended in 1979, 
1989, 1999 and 2009. 
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IMAGE YEAR 1978 1988 1995 1999 2001 2009 2013/2014 
Total Area (ha) 41186.88 40862.25 40593.33 40623.84 40651.20 40607.64 40418.19 
Mature Mangrove (ha) 27415.80 26239.32 27488.97 28175.58 30842.37 27403.47 28899 
Young Mangrove (ha) 6933.24 8604.72 7915.41 7526.43 5594.22 7777.35 6803.19 
Cleared Area (ha) 6837.84 6018.21 5188.95 4921.83 4214.61 5426.82 4716 
Mature Mangrove (%) 66.56 64.21 67.72 69.36 75.87 67.48 71.5 
Young Mangrove (%) 16.83 21.06 19.50 18.53 13.76 19.15 16.83 
Cleared Area (%) 16.60 14.73 12.78 12.12 10.37 13.36 11.67 
Number of kilns 336 - 393 316 336 336 348 348 489 
Average yield per (ton/ha) NA 180 177 124 154 262 NA 
 
 
Figure 7-3: Changes in land cover from 1978 to 2009 derived from classifying multi-temporal Landsat imagery. 
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The results showed that the areal percentage of the clear felling area in the forest ranged between 
10.37% and 16.60%, the young mangrove forest area ranged between 13.76% and 21.06% and the 
mature mangrove forest area ranged between 64.21% and 75.87%. In all the classified images, the 
clear felled areas were consistently the smallest area between the three designated classes. Most 
importantly, the overall results indicated a clear trend of stability in the overall composition of the 
forest stand structure (Figure 7-4). 
 
Figure 7-4: Percentage areal changes in the designated classes in the Matang Mangrove Forest 
Reserve as represented in the classified maps. 
 
 
 
 
During the period of observation in this study, the two highest number of kiln in operation at the 
mangrove forest reserve, which is also an indicator of the total area of forest clearing that would 
take place, were in the 1970-1979 and the 2010-2019 working plan. Based on the number operating 
of kilns in the 1970 – 1979 period which peaked at 393, the stability in the composition of the forest 
stand structure seemed to be unaffected by the number of kilns. Although it should be noted that the 
effects of increasing the number of kiln by 40% to 489 kilns in the 2010-2019 working plan can 
only be fully evaluated once the cycle of the management plan ends in 2019. More importantly, the 
reccommended maximum amount of operating kilns at the MMFR has been determined to only be 
418 (Haron, 1981; Noakes, 1952). 
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The average yield per hectare of greenwood extracted for the production of charcoal corresponding 
to the year of the acquired Landsat images had also depicted a similar scenario. The large 
fluctuation in yield, ranging from 124 to 262 tonnes per hectare, showed no relation to the 
composition of the forest stand structure which had remained stable throughout the observed study 
period. 
 
All the initial evaluation of the classification results and the vital area statistics seemed to indicate 
that the management of the MMFR has done an excellent job in implementing its management 
strategy and keeping a stable and well balanced forest stand structure. However, keeping in mind 
that a relatively stable areal extend of mangrove has the potential to mask an equally significant 
change in the overall health of the ecosystem (Giri et al., 2007) and the fact that the ecosystem 
services assessment results had shown the deterioration of some of the ecosystem services provided 
by the mangrove forest reserve, we expanded and intensified our investigation by taking a closer 
look at the available datasets. 
 
7.4.2 Error and accuracy assessment 
 
The accuracy assessment result indicated an overall accuracy of 90% (Table 7-1). The mature 
mangrove forest class had the lowest omission and commission error at 7% and 6% respectively. 
The young mangrove forest class had an 18% omission error and a 21% commission error.  
 
Table 7-1: The error matrix for the object-based classified Landsat 1999 image versus the 
reference map. 
 
 
  REFERENCE MAP   PRODUCER'S USER'S 
  CLASSES MATURE YOUNG TOTAL ACCURACY ACCURACY 
CLASSIFIED  MATURE 139 9 148 93% 94% 
MAP YOUNG 11 41 52 82% 79% 
  TOTAL 150 50 200     
  OVERALL ACCURACY:      90%       
 
 
After scrutinizing the misclassified group of pixels, we discovered that the errors were partly caused 
by problems of spectral segregation of areas that had successfully regenerated and comprised of 
stand age that ranged from approximately three to five years old. These areas had spectral 
signatures that mimicked those of a matured mangrove forest. The misclassification was also caused 
by a delay in harvesting or an extended re-growth period.  
115 
 
We were not able to compute a single error matrix which could include an assessment on the 
classified clear felled areas. The reference map merely indicated the year that clear felling would 
take place but considering the fact that harvesting could have taken place at any time during the 
determined year, it would have been almost impossible to reclassify the reference map to include 
the clear felled areas that corresponded to the date of our selected image. 
 
Based on a detailed visual examination and our expert knowledge of the study area, we can 
confidently conclude that we had effectively and accurately delineated the clear felled areas based 
on its unique spectral characteristics caused by the absence of vegetation. Clear felled areas, which 
are already visually prominent, stand out even more in a systematically managed forest. 
 
In order to include a quantitative method of evaluating and validating the results for the classified 
clear felled areas, we generated 50 random points each for forested and clear felled areas in ArcGIS 
on a Landsat 8 subset imagery of the MMFR. These sample points were than verified through a 
field validation exercise. The sample points were constrained to accessible areas of the forest and in 
cloud free segments on the imagery. We were not able to replicate the proportionate sampling 
method as this error and accuracy assessment involved actual on the ground validating exercise and 
it would have been difficult to conduct the verification of larger sampling points especially in a 
mangrove forest. 
 
The accuracy assessment result indicated an overall accuracy of 94% (Table 7-2). The clear felled 
area had a producer’s accuracy of 96% and an omission error of 4%, which meant that 4% of the 
clear felled area were mistakenly classified as forest. It had a 92% user’s accuracy and a 
commission error of 8%, which meant that 8% of the forest were designated as clear felled areas. 
 
Table 7-2: The error matrix for the object-based classified Landsat 8 2013 image versus field 
validation. 
 
 
  REFERENCE MAP   PRODUCER'S USER'S 
  CLASSES CLEARED FOREST TOTAL ACCURACY ACCURACY 
CLASSIFIED  CLEARED 46 4 50 96% 92% 
MAP FOREST 2 48 50 92% 96% 
  TOTAL 48 52 0     
  OVERALL ACCURACY:      94%       
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In summary, our findings in the assessment of delineating stand age using Landsat imagery point 
towards a clearly successful delineation of three categories of the forest based on the proposed age 
group. We were able to distinctively categorise clear felled area (no trees), young mangrove forest 
(stand age up to 13 years) and mature mangrove forest (stand age above 13 years). A detailed 
description and analysis of the delineating process can be found in (Ammar et al., 2014b). Due to 
the unavailability of additional reference data, we were unable to perform an error and accuracy 
assessment evaluation on the remaining Landsat images. 
 
7.4.3 Ecosystem services assessment 
 
In the following sub-section we present the compilation of results on the assessment of the 
ecosystem services in the MMFR. The state of these ecosystem services reflect the real underlying 
challenges faced by the management of the mangrove forest reserve in achieving optimum balance 
between sustaining high yielding timber extraction activity and preserving the ecologically sensitive 
coastal ecosystem. 
 
7.4.3.1  Greenwood yield 
 
The MMFR has been susceptible to periodical declines in the average yield of greenwood extraction 
(Ellison and Farnsworth, 2001; Gong and Ong, 1995; Iftekhar and Islam, 2004; Putz and Chan, 
1986). Although average yields increased in the second (1990-1999) and third (2000-2009) 10-year 
period of the second rotation, yields declined in the second (1960-1969) and third (1970-1979) 10-
year period of the first rotation. It is crucial to note that the declines in those periods were preceded 
by an increase in the number of charcoal production kilns (Table 7-3). 
 
Table 7-3: The number of kiln and the corresponding yield of greenwood. 
 
Year Rotation 
10 year 
Period Kilns Yield (t/ha) 
1950 – 1959 First 1st 418 NA 
1960 – 1969 First 2nd 494 - 561 158 
1970 – 1979 First 3rd 336  - 393 136 
1980 – 1989 Second 1st 316 174 
1990 – 1999 Second 2nd 336 170 
2000 – 2009 Second 3rd 348 182 
2010 – 2019 Third 1st 489 NA 
Source:  Adapted from (Azahar and Nik Mohd. Shah, 2003; Gan, 1995; Roslan and Nik Mohd. Shah, 2014). 
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Currently, the first (2010-2019) 10-year period of the third rotation has a total of 489 approved kilns 
which represents an increase of 40% from the previous 10-year period (Roslan and Nik Mohd. 
Shah, 2014). Whilst this will not necessarily result in the reduction of future greenwood yield, the 
increase in the number of kilns, combined with other factors, will undoubtedly exert additional 
pressure on the coastal ecosystem.  
 
7.4.3.2  Production of blood cockles (Anadara Granosa) 
 
The rate of decline in the cockle seeds and adult cockle production for Perak, the state in which the 
MMFR is located, has been very alarming (Table 7-4). The cockle seed production has been non-
existent since 2004 and the adult cockle production levels are now less than a quarter of its historic 
high of 104,963 tonnes in 1980 (Ellison, 2008). Perak has accounted for more than half of the total 
cockle production in Malaysia. Although the area for the production of cockle has generally 
increased since 1990, the yield of cockle per ha has been declining steadily. 
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Table 7-4: The production of cockle seeds and cockles in the whole state of Perak. 
 
Year 
Perak 
Production 
of Cockle 
Seeds 
(tonnes) 
Perak 
Production 
of Adult 
Cockles 
(tonnes) 
Area of the 
Production 
of Adult 
Cockles in 
Perak (ha) 
Perak 
Production 
of Adult 
Cockles 
(tonnes/ha) 
Malaysian 
Production 
of Adult 
Cockles 
(tonnes)  
Perak 
Percentage 
Contribution 
of 
Production 
1990 2,995.40  18,451.80  2,896.28  6.37  35,931.99  51.4% 
1991 1,116.17  27,806.21  3,079.04  9.03  46,625.09  59.6% 
1992 1,952.20  38,197.11  3,468.59  11.01  55,586.84  68.7% 
1993 9,971.31  47,916.94  2,679.36  17.88  77,755.00  61.6% 
1994 1,764.86  50,880.90  2,883.19  17.65  82,335.04  61.8% 
1995 1,146.10  70,256.73  2,913.28  24.12  100,275.76  70.1% 
1996 578.05  45,058.01  2,963.59  15.20  71,795.59  62.8% 
1997 573.33  33,898.24  2,890.60  11.73  58,400.04  58.0% 
1998 1,081.80  54,506.52  2,377.86  22.92  81,716.78  66.7% 
1999 910.91  56,031.91  3,258.57  17.20  79,912.21  70.1% 
2000 138.33  43,382.17  5,185.77  8.37  64,396.25  67.4% 
2001 1,048.11  51,583.36  5,313.76  9.71  70,815.89  72.8% 
2002 589.72  59,210.03  5,412.99  10.94  78,706.64  75.2% 
2003 210.00  55,964.07  5,495.35  10.18  71,067.29  78.7% 
2004 0.00  45,010.79  5,084.97  8.85  64,564.75  69.7% 
2005 0.00  37,415.73  5,220.83  7.17  59,520.88  62.9% 
2006 0.00  31,512.42  4,640.00  6.79  45,674.58  69.0% 
2007 0.00  33,711.51  4,706.24  7.16  49,620.16  67.9% 
2008 0.00  33,403.55  4,726.49  7.07  61,138.32  54.6% 
2009 0.00  26,702.77  4,726.49  5.65  64,938.51  41.1% 
2010 0.00  26,387.36  4,208.31  6.27  78,024.70  33.8% 
2011 27.08  21,759.37  4,122.05  5.28  57,544.40  37.8% 
2012 0.00  22,068.56  4,478.65  4.93  42,132.03  52.4% 
 
Source:  Annual Fisheries Statistics (1990-2012) released by the Department of Fisheries Malaysia. 
 
The overall trend of decline in the production of cockle at the State of Perak is a significant sign 
that there is a deterioration in to the MMFR because it plays a dominant role in the production of 
blood cockles (Anadara Granosa) in this state of peninsular Malaysia (Table 7-5). The production 
of cockle seeds is dependent on parts of the coastal mudflats adjacent to the MMFR that act as 
natural spatfall areas (also known natural cockle beds). On the other hand, the main culture areas for 
cockle are concentrated on the estuaries of the MMFR. 
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Table 7-5: The cockle culture landing at the fisheries district located at the Matang Mangrove 
Forest Reserve (MMFR). 
 
Year 
Production of 
Cockles at the 
MMFR (tonnes) 
Area of the 
Production of 
Cockles at the 
MMFR (ha) 
Production of 
Cockles at the 
MMFR 
(tonnes/ha) 
Perak 
Production of 
Cockles 
(tonnes)  
Perak 
Percentage 
Contribution of 
Production 
 
2000 
 
40,558.57 4,726.30 8.58 43,382.17 93.5% 
 
2011 
 
17,615.00 3,891.00 4.53 21,759.37 81.0% 
 
Source:  Adapted from the (Azahar and Nik Mohd. Shah, 2003; Roslan and Nik Mohd. Shah, 2014). 
 
In the year 2000, the MMFR accounted for more than 90% of the total cockle production in the 
entire state of Perak. It declined to 81% in 2011. The total production of cockles at the mangrove 
forest reserve in 2011 has declined 57% from the total production in 2000. Even the average 
production rate per ha has been in steady state of decline. At 4.53 tonnes per ha, it is well below the 
20 year state average (1990 – 2010) of 11.49 tonnes per ha. 
 
7.4.3.3  Habitat for migratory birds 
 
The MMFR is also an important habitat to a total of 154 species and of this, 49 species are 
migratory birds (Othman 2004). However, there have been indications that its status as an ideal and 
important habitat for migratory waterbirds is under threat. Despite incorporating management 
strategies which includes the creation of permanent bird sanctuaries and increased efforts in the 
preservation of mudflats (Azahar and Nik Mohd. Shah, 2003), which is also the natural habitat for 
the diminishing blood cockles, there have been evidence of a catastrophic decline in the population 
of waterbirds.  
 
It was estimated that between 1989 and 1992, the coastal ecosystem supported approximately 
18,526 to 31,520 waterbirds annually, but in 2002 only 1,015 to 4,057 waterbirds were recorded 
(Wei et al., 2006; Wei et al., 2007). This constituted a 75 – 95% decline in the overall wintering 
waterbird population at the MMFR. The population of the Vulnerable Milky Stork (Mycteria 
cineria)  recorded a 90% decline (Li et al., 2006). Only five individuals were recorded during an 
observation in 2009 and there is an urgent need for interventions to conserve the species (Ismail et 
al., 2012). In addition to the loss of biodiversity, the continued decline in the populations of 
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waterbird also creates a negative impact on another ecosystem services provided by the mangrove 
forest reserve - bird watching, a popular recreational activity. 
 
7.5 Discussion 
 
7.5.1 Exploring the effects of timber extraction on the ecosystem services 
 
Major ecosystem degradation tend to occur after signs of simultaneous failure in multiple 
ecosystem services are detected (Carpenter et al., 2006). As the results of our assessments indicate 
deterioration in the provision of several critical ecosystem services at the MMFR, it is imperative 
for us to develop an understanding of the relationship between the structural changes of mangrove 
forest reserve and the delivery of these ecosystem services. Whilst all the observed negative impacts 
on the flow of certain ecosystem services at the MMFR may or may not be a direct result of the 
production of charcoal and poles, it does highlight the need to study the effects of the silvicultural 
practices at the MMFR on the provision of these ecosystem services. We need to analyse and 
evaluate any links that could be established between the classified images and the three ecosystem 
services assessed in this study. 
 
Biomass plays a key role in connecting the image classification analysis and the ecosystem services 
assessment. It is a result of the productivity of forests, and plays an important role in shaping 
ecosystem functional characteristics and ultimately, the provision of ecosystem services (Lu, 2006). 
The role(s) of biomass in the carbon cycle, nutrient allocation and habitat have long been 
established and the accurate estimation of its spatial and temporal distribution is central in 
enhancing our understanding of ecosystem functions (Brown et al., 1999; Foody, 2003; Le Toan et 
al., 2011; Zheng et al., 2004). Reliable biomass data are also required for the quantification of 
carbon equivalent emissions associated with forestry activities such as those at the MMFR (Brown 
and Gaston, 1995; Latiff and Faridah-Hanum, 2014). Mangrove structure and above ground 
biomass are also essential indicators for mangrove stocking and can be a reliable source of 
prediction for future greenwood yield (Juliana and Nizam, 2005).Therefore, information on the 
spatial and temporal distribution of biomass is crucial to sustainable forest management and could 
provide the study with vital clues on the factors that may be affecting the delivery of key ecosystem 
services at the MMFR. 
 
As we have yet to effectively and accurately relate aboveground biomass estimation derived from 
ground sample plots with the spectral reflectance derived from Landsat MSS or TM image datasets 
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(Clark and Kellner, 2012), we have used the established classes (young mangrove forest, mature 
mangrove forest and clear felled area) as proxy to provide a general overview of the spatial and 
temporal distribution of biomass at the MMFR. The changes detected from the classified Landsat 
MSS and TM time series scenes were assessed in relation to the data obtained from the ecosystem 
services assessment to analyse any impact it might have had on the provision of these services. This 
enabled the study to fully utilize the time series classified images derived from the Landsat scenes 
and investigate over an extended period of time. 
 
7.5.1.1  Greenwood yield 
 
Based on the classification results, we can conclude that overexploitation and unsustainable 
management practices could not have been the major cause for the fluctuations in the yield of 
harvested greenwood recorded at the mangrove forest reserve. Over the observation period, there 
have always been a stable and significantly larger areal percentage of mature mangrove forest – 
ensuring sustainable supply of greenwood in each working plan. In all the classified images 
analysed, it had consistently covered more than two thirds of the total forest reserve. 
Overexploitation and unsustainable management of the forest reserve would have resulted in an 
unstable composition of the forest stand structure and a much larger areal percentage of the clear 
felled areas, both of which were not indicated in the classified results. 
 
This shows that the issue mainly lies in the composition of the mature mangrove forest itself, an 
issue best analysed by directly estimating and analysing the biomass of the mature mangrove forest 
area over time. This, unfortunately, is a task which cannot be initiated by utilising the available 
dataset in this study. However, as we are able to accurately estimate the stand age composition of 
the forest, we can use the information extracted from this study to indirectly analyse the biomass 
spatial distribution. 
 
Upon closer examination of the Landsat MSS and TM images and the classified image datasets, we 
were able to extract valuable information and identify several factors that could have contributed to 
the fluctuation of greenwood yield at the MMFR. The first factor is related to the different rate of 
growth or regeneration of the clear felled areas. This can be seen by comparing the subset of the 
Landsat images and the produced classified image datasets of the clear felled areas in the mangrove 
forest reserve. Figure 7-5 depicts two areas that exhibit good rate of regeneration. Both the areas 
were designated for clear felling in 1993. By 1999 we can clearly see a fully restocked mangrove 
forest with no sign of cleared area that is void of vegetation. 
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Figure 7-5: The highlighted area in the two figures above depict the change in two areas that were 
designated for clear felling in 1993 at the Matang Mangrove Forest Reserve. For 
comparison purposes, the 1995 and 1999 subset false colour composite image and the 
corresponding classified image of the area has been placed side by side. 
 
 
 
 
On the other hand, Figure 7-6 shows an example of two clear felled areas that have not regenerated 
as well as the areas shown in Figure 7-5. To demonstrate the varying degrees of regeneration, we 
have even included an area that was designated for clear felling in 1990, an area which was clear 
felled three years earlier than both the areas highlighted in Figure 7-5 and Figure 7-6 (top). This 
particular area, as seen in Figure 7-6 (bottom), still had some cleared area across the middle of the 
highlighted area even though nine years had passed since clear felling. In fact, it was observed that 
there were other areas within the forest that shared similar marks, best described as ‘scarring’, that 
was clearly visible on false coloured composite images. These ‘scarred’ areas took a significant 
amount of time to regenerate compared to its surrounding area. 
123 
 
Figure 7-6: The highlighted area in the two figures above depict the change in two areas that were 
designated for clear felling in 1993 (top) and in 1990 (bottom) at the Matang Mangrove 
Forest Reserve. For comparison purposes, the 1995 and 1999 subset false colour 
composite image and the corresponding classified image of the area has been placed 
side by side. 
 
 
 
 
Signs of late regeneration would mean that in certain clear felling areas, thinning and clear felling 
activities could have actually taken place at a much earlier age than planned. This could have 
caused these areas to have much lower greenwood yield than those that have recovered in a timely 
manner. Generally, slower growth rates can be attributed to environmental factors such as soil 
properties and nutrient status (Komiyama et al., 2007). As a result of the silvicultural practices in 
the MMFR, regeneration and the establishment of new stands face two challenges that are probably 
not prevalent in natural mangrove forests  – areas that are exposed to deep flooding and areas that 
are prone to monkeys and crabs (Azahar and Nik Mohd. Shah, 2003; Cannicci et al., 2008). The 
analysis of the images shows that there could still be areas that are not be benefiting from the 
artificial restocking or manual replanting activity which include the propagule and the potted 
seedling technique. 
 
To demonstrate an extreme case of poor regeneration of the forest, we have included a subset of an 
image that depicts a severe case of poor regeneration around a concentrated area of two designated 
clear felling areas (Figure 7-7). The top half of the highlighted area was designated for clear felling 
in 1993 while the bottom half was cleared two years earlier in 1991. The 1988 image shows the 
condition of the forest prior to the clear felling activity. Once the areas was clear felled, we can see 
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that some areas within the highlighted area remain classified as cleared areas that is void of 
vegetation until early 2014.  
 
Figure 7-7: The two highlighted areas in the subset of classified image represent two clear felling 
areas designated to be clear felled two years apart.  The highlighted area of the top half 
was clear felled in 1993 while the bottom half was clear felled in 1991. 
 
 
 
The pattern of the late regeneration could indicate that clear felling activities could be affecting or 
changing the landscape of the designated areas causing slow or poor regeneration. After all, it has 
been observed that clear felling causes a disruption in the mud-trapping function of the stilt rooted 
mangrove trees. This leads to the erosion of surface mud and higher elevated soils will eventually 
dry out and become extremely acidic. This eventually causes the retardation of regenerating 
mangrove tress (Johns, 1997).  
 
Excessive thinning could be the second factor that is contributing to the observed fluctuation in 
greenwood yields at the MMFR. Figure 7-8 depicts two areas in different parts of the mangrove 
forest that were designated for clear felling in 1996. As reflected in the management records, these 
areas were scheduled for the first thinning in 2011. As we can see in 2014, almost three years after 
the first thinning there are clear indications of areas void of vegetation. These areas were fully 
restocked in 2009 and the cleared areas only appeared after the thinning process was performed. 
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Figure 7-8: Signs of excessive thinning. The two highlighted classified images above were 
designated for clear felling in 1996 and the first thinning were performed in 2011. 
 
 
 
 
For comparison purposes, we have also included classified images of two other areas that were 
designated for clear felling and underwent its first thinning at the same period as the areas shown in 
Figure 7-8 (see Figure 7-9). These areas were not affected by the presence of areas that were void 
of vegetation. We postulate that greater care was taken during the first thinning in these area as 
opposed to the ones presented in Figure 7-8 which shows clear signs of excessive thinning.  
 
Figure 7-9: No signs of excessive thinning. The highlighted classified images above were designated 
for clear felling in 1996 and the first thinning were performed in 2011. 
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The third factor that we have identified differs from the first two in a sense that it contributes to the 
increase rather than the decrease in the yield of greenwoods at the mangrove forest reserve. Records 
in the working plan already clearly states that there are clear felled areas that exceed 30 years of 
age. This will often result in an increment in greenwood yield and contribute to the observed 
fluctuations. However, a quick scan also revealed an area that was designated for first thinning in 
2007 but the time series data seemed to show that the area has never been clear felled since 1978 
(Figure 7-10). This would make the area 14 years older than reported. In fact, there are signs of an 
unexplained incursion into the area in the 2014 image that is signified by the cleared area in the 
compartment which needs to be investigated. 
 
Figure 7-10: The classified images show that the area that was designated for its first thinning in 
2007 has not been clear felled since 1978. 
 
 
 
By linking the results of the classified images to the fluctuations of the greenwood yield at the 
MMFR, we have basically managed to identify several of the contributing factors. It is important to 
note that, these factors need to be analysed further and the current analysis does not provide a 
comprehensive explanation of the observed fluctuations. However, the findings and conclusions 
does identify the basic areas of research that could be expanded upon. It also signifies the 
importance and effective role Landsat can play in monitoring the mangrove forest reserve. 
 
A further and intensive investigation need to be carried out to recalibrate the true age of the trees. 
This will ensure that the greenwood yield can be monitored effectively. The example of harvesting 
coupes that are perceived to be 30 years old but which are actually older – not only gives a much 
higher yield but more importantly could give a wrong impression of the condition of the total forest 
regrowth or restocking activity. 
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7.5.1.2  Production of blood cockles (Anadara Granosa) 
 
The Perak Fisheries Department has attributed the decline in the production of cockle seeds and 
adult cockles to the post-2004 tsunami effects on sediment and water quality and to an unidentified 
threat that has caused an unusually high mortality rate among young cockles (Roslan and Nik 
Mohd. Shah, 2014). On the other hand, Ellison (2008) suggested that the decline at the MMFR 
could be related to the continued management of the mangrove forest reserve. To date, the 
underlying cause of decline has yet to be conclusively determined. 
 
The lack of scientific research on the possible causes of this decline raises a huge cause of concern 
because anthropogenic pressures have been found to affect macrobenthic communities stronger and 
much earlier than trees (Bartolini et al., 2011; Cannicci et al., 2009; Dahdouh-Guebas et al., 2012). 
Macrobenthic communities, in this case blood cockles, function as an indicator to the state of health 
of an ecosystem and acts as a natural early warning system for ecosystem degradation (Ellison, 
2008). Linking the blood cockle production data and the image classification results has also been 
complicated by the fact that there have been limited research on blood cockles in general, both in 
terms number and scope (Lee, 2012). 
 
In order to establish a link between the classification results and the decline in the production of 
cockle seeds and adult cockles at the MMFR, we looked at several possible causes that have been 
put forth in the literature to identify those that could be analysed with the information extracted 
from the classified images. The threats to cockle seed and adult cockle production include salinity, 
turbidity, water temperature, nutrient contents, overharvesting of cockles, human development, 
pollution, predators and disturbance or destruction of adjacent mangrove forests (Broom, 1985; Din 
and Ahamad, 1995; Ellison, 2008; Ong and Gong, 2013; Pathansali and Soong, 1958; Rönnbäck, 
1999). 
 
The threat of disturbance or destruction of mangroves adjacent to the natural cockle spatfall areas 
was the only factor that was observable from the produced set of classified images and ancillary 
data available in the study. The occurrence of such an event would have adverse effects such as 
slower growth of the cockles and lead to the deterioration or destruction of natural spatfall areas 
which are essentially the most valuable asset in the multimillion-dollar industry (Ong and Gong, 
2013).  
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The natural cockle spatfall areas are concentrated in the Larut-Matang fishery district (see Figure 7-
11). The total area of the natural spatfall areas are estimated to be 1,300 hectares. The breakdown of 
the estimated size of the natural spatfall areas in the three sectors highlighted in Figure 7-11 are as 
follows; Sector 1 is estimated to be 300 hectares and range Tanjung Burung  to Sungai Tiram Laut, 
Sector 2 is estimated to be 750 hectares and range from Kuala Trong to Beting Tengah and Sector 3 
is estimated to be 230 hectares and range from Sungai Teluk Nibong to Tanjung Pasir Ringgit 
(Roslan and Nik Mohd. Shah, 2014). Despite the large estimate of cockle spatfall areas, there has 
been no recorded production of cockle seeds in the area since 2004 except for 2011 when only 
27.08 tonnes were produced. The rapid decline began in 1993, after when a record 9971.31 tonnes 
was produced. 
 
Figure 7-11: The natural cockle spatfall areas at the Matang Mangrove Forest (2000 – 2012). 
 
 
 
Source:  Adapted from (Azahar and Nik Mohd. Shah, 2003; Roslan and Nik Mohd. Shah, 2014) 
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As observed in the classification results of the land cover change at the MMFR, there has never 
been an indication of a dramatic change in the overall composition of the forest for more than 30 
years. Based on the overall result, the systematic and regulated thinning and clear felling activity in 
the mangrove forest reserve point to a stable and to a certain degree, sustainable utilization of the 
forest produce. However, in order to determine if the systematic management of the MMFR could 
be one of the possible root causes of the decline in the production of cockle seeds and adult cockles, 
we analysed the time series classified images of the mangrove forests adjacent to the natural cockle 
spatfall areas. We were interested to see if there had been any disturbance or removal of mangrove 
forests in these areas during the period of 1978 to 2014 which could have led to the decline in the 
cockle seed production. 
 
Some parts of the mangrove forest adjacent to the natural cockle spatfall area in Sector 1 have been 
involved in the activity of timber extraction (see Figure 7-12). Although Stork Lake 2 is a protected 
area, it was found to have been clear felled several years prior to 1988. The surrounding area has 
also been severely eroded from the period of observation from 1978 to 2014. It has been estimated 
to have lost a total coastal border of 91 hectares. 
 
Figure 7-12: Natural cockle spatfall areas in Sector 1 from Tanjung Burung to Sungai Tiram Laut 
(300ha) viewed on Landsat 8 image acquired on 11th of February 2014. 
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Sector 2, which has the largest estimated area of natural cockle spatfall area, is almost completely 
surrounded by adjacent mangrove forests that are designated as production forest – which are clear 
felled with a rotation of 30 years (see Figure 7-13). There has been a significant amount of erosion 
in the coastline north-west of the natural cockle spatfall area totalling a loss of a staggering 269 
hectares in 1978 to 2014. Only a total of 33 hectares have been lost to erosion in the areas adjacent 
to the natural cockle spatfall area. 
 
Figure 7-13: Natural cockle spatfall areas in Sector 2 range from Kuala Trong to Beting Tengah 
(750ha) viewed on a Landsat 8 image acquired on the 11th of February 2014. 
 
 
 
Interestingly, in contrast to the natural cockle spatfall area previously analysed, Sector 3 has 
significantly large areas of adjacent mangrove forests that have not been designated as a production 
forest (see Figure 7-14). The only area adjacent to the spatfall area that has disturbed was an area 
that was clear felled in 1978, none has been exposed to any form of timber extraction since. It was 
also the only area that showed an increase of mangrove forest area due to accretion – it reclaimed 
33 hectares of land. However, relative to the estimated natural cockle spatfall size of area, Sector 3 
suffered the largest loss of an adjacent mangrove forest due to erosion. It was subjected to a loss of 
200 hectares of coastal borders. 
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Figure 7-14: Natural cockle spatfall areas in Sector 3 range from Sungai Teluk Nibong and to 
Tanjung Pasir Ringgit (250 ha) viewed on a Landsat 8 image acquired on the 11th of 
February 2014. 
 
 
 
 
From the analysis, we can conclude that large areas adjacent to the spatfall area in the MMFR were 
either subjected to timber extraction or natural coastal erosion and at times, to both factors 
simultaneously. This could have possibly deprived spatfall areas of the presence of adjacent 
mangrove forest that regulates and maintain good water quality which abates fluctuations in salinity 
and turbidity and reduces concentration of pollutants (Rönnbäck, 1999) and control nutrient levels 
by providing the area with much needed nutrient replenishment (Holguin et al., 2001; Mohd Fadzil 
Shuhaimi and Faizal Riza, 2013; Niiyama et al., 2012). In addition, if the presence of both these 
factors in the natural cockle spatfall areas caused interference in the normal pattern of water 
circulation then it could be the case that the cockle spat were also hindered from settling in the 
cockle beds (Ong and Gong, 2013). 
 
7.5.1.3  Habitat for migratory birds 
 
The management regime has taken great efforts to preserve the mudflats and protect the two natural 
lakes generally referred to as Stork Lake I (located in Pulau Kelumpang) and Stork Lake II (located 
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in Pulau Trong Utara) to provide high quality refuge and feeding ground for migratory shorebirds 
and the highly endangered Milky Stork (Azahar and Nik Mohd. Shah, 2003). Despite the 
intensification of these efforts, assessments based on data gathered from previous research have 
shown an alarming trend of decline in the population of these birds over the past 25 years. 
 
A century of continued management of the MMFR could have resulted in the accumulation of 
direct and indirect anthropogenic disturbances possibly causing the degradation in the quality of the 
stopover sites. This could have eventually affected the migratory shorebirds’ prey population, 
foraging rates and use of foraging and roosting sites (Koch and Paton, 2014). Prolonged or intense 
direct anthropogenic disturbance have been found to have caused the complete abandonment of 
stopover sites (Pfister et al., 1992). 
 
A stable food supply for shorebirds is crucial in maintaining regular shorebird migration and it is 
interesting to note that wading shorebirds have been reported to be important predators of small 
blood cockles (Broom, 1985; Iwamatsu et al., 2007). A link has been established between the 
decline in the number of young migratory shorebirds and low food supply in the form cockle and 
mussel stock levels (Atkinson et al., 2003). Since predation has been found to be an unlikely cause 
of variation or decline in cockle spatfall (Dare et al., 2004), it is therefore important for future 
research to investigate the impact of diminishing supply of cockle seeds on the decline in migratory 
shorebirds at the MMFR.  
 
On the contrary, the lack of food has not been identified as a potential factor in the decline of the 
Milky Stork population at the mangrove forest reserve (Swennen and Marteijn, 1987). Among the 
factors that have been found to be the leading cause of the decline in the Milky Stork population at 
the mangrove forest reserve are hazardous chemicals, habitat destruction, poaching by humans, high 
rates of predation and disturbance, and most importantly, the lack of mature trees for nesting (Ismail 
and Rahman, 2012; Li et al., 2006). An old growth dependent species, the Milky Stork uses tall trees 
between the height of 8 to 14 meters and nests are usually placed at the height of 6 to 12 meters 
(Verheugt, 1987). Forestry activities have been found to be the main source of habitat disturbance 
and alteration which threatens the existence of the Milky Stork population (Li et al., 2006; Luthin, 
1987; Verheugt, 1987).   
 
The key factors in this study that are crucial in establishing the links between the classified images 
and the assessment on the habitat for migratory birds, primarily the Milky Stork population, at the 
MMFR are the analyses of habitat disturbance and alteration, and the changes in the vegetation 
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structure with respect to the availability of tracts of undisturbed and tall mature mangrove trees. 
These are factors that could be observed and analysed through the output of classified images with a 
focus on the decline of the Milky Stork population mainly because of its requirement of tracts of 
undisturbed and tall mature mangrove trees for roosting and breeding.  
 
The two lakes in Pulau Kelumpang and Pulau Trong were  identified as an important feeding, 
roosting and breeding area at the MMFR during two different time periods (Li et al., 2006; 
Verheugt, 1987). Based on surveys carried out at the mangrove forest reserve, Li et al. (2006) was 
of the opinion that Stork Lake II appeared to be more of an alternative site for the Milky Stork 
during periods when the lake at Pulau Kelumpang is too disturbed or dry. We place an equal 
emphasis on both the areas in our analysis and discussion. 
 
The first signs of disturbance of the bird habitats were uncovered in our previous analysis on blood 
cockles in which there was evidence of clear felling that had occurred around the area 
encompassing Stork Lake II several years before 1988. The visible boundaries surrounding the 
change in vegetation shows that it had been a coordinated destruction of the mangrove forest 
surrounding the habitat. This destroyed large tracts of matured and tall mangrove trees. In the 1988 
classified image, we can see that a majority of the area was covered by growth of young mangrove 
trees (see Figure 7-15). 
 
There were also signs of a recently cleared area north-west of Stork Lake II in the 1988 classified 
image subset. 26 years later, in the 2014 classified image, that particular area remained clear of 
vegetation due to changing conditions on ground level probably causing issues such as deep 
flooding which inhibits the growth of new mangrove trees. This is yet another evidence in this study 
indicating that timber extraction activity can permanently change the landscape of the mangrove 
forest reserve. This time, unfortunately, the change is in close proximity of a sensitive and 
important bird sanctuary.  
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Figure 7-15: The composition and overlay of subsets of the ancillary data, the classified image 
output and the 1988 Landsat 8 satellite image depicting the location and surrounding 
of Stork Lake II. 
 
 
 
In addition to the close proximity land clearing issue, timber extraction activities are also carried 
approximately 600 meters away from the bird habitat. This can be also be a crucial threat as Milky 
Storks are very sensitive to disturbance and have been reported to take flight at the presence of 
approaching surveyors at a distance of between 100 to 200 meters (Li et al., 2006).. The 
combination of the lack of mature and tall mangrove trees and the close proximity of timber 
extraction activity at Stork Lake II may have made it a less likely destination for the Milky Stork 
population in the late eighties. 
 
The analysis on Stork Lake I uncovered a significant ecological change in 1988 that may have gone 
undetected and has therefore never been specifically put forth as a possible cause in the decline of 
migrating birds and in particular, the Milky Stork population. The area surrounding Stork Lake I is 
under a management zone classified as Protective Forest (see Figure 7-16). Despite being free from 
timber extraction activities, large areas of the forest sharing similar spectral characteristics of 
cleared areas to that of the Productive Forest management zones were found, indicating the absence 
of mangrove trees, especially the tall and mature ones. 
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Figure 7-16: (Top) The composition and overlay of subsets of the ancillary data, the classified image 
output and the 1988 Landsat 8 satellite image depicting the location and surrounding 
of Stork Lake I. (Bottom) The ecological change during the period 1978 to 2014 
surrounding Stork Lake 1 derived from classifying multi-temporal Landsat scenes. 
 
 
 
The multi-temporal classified images of the area surrounding Stork Lake I show that the problem 
continued to deteriorate a year later in 1989 as seen in Figure 7-16 (bottom). The forest recovered 
naturally 10 years later as reflected in the 1999 image subset. However, in 2009 we start to see signs 
of the problem recurring in the area north-east of Stork Lake I, close to areas that have been 
designated as a Productive Forest management zone. A more recent subset image of 2014 shows the 
problem spreading wider towards the areas in the east and south-east of the important bird 
sanctuary. 
 
The findings of our analysis are in direct contrast to that of Li et al. (2006) who suggested that the 
mangrove forest vegetation structure surrounding Stork Lake I and Stork Lake II changed little in 
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the last two decades preceding the study period. Evidence suggests that systematic clear felling was 
carried prior to 1988 at Stoke Lake II and an unknown cause had led to the deterioration of the 
mangrove forest vegetation surrounding Lake I. Our findings concur with the observation made by 
Verheugt (1987) with regards to the absence of immatures in the area. The fact that both these 
factors had occurred during the same time period could have only spelled disaster for the population 
of the Milky Stork and perhaps some species of the migratory birds.  
  
7.5.2 External pressures exerted on to the mangrove forest reserve ecosystem 
 
There are mangrove forests that share borders or are located within the MMFR that have not been 
designated as Permanent Reserved Forests. These areas are either privately or stated owned lands 
that do not fall under the jurisdiction of the Perak State Forestry Department. Because of the 
complex and dynamic relationship shared between the designated mangrove forest reserve and the 
surrounding mangrove forest, we find it important to briefly mention some results of interest that 
were derived from the multi-temporal land use change analysis. 
 
We found that since 1978, a total of approximately 546 hectares of mangrove forest within or 
adjacent to the mangrove forest reserve had been cleared for aquaculture and approximately 146 
hectares had been cleared for agriculture. The startling fact is that more than half of the areas 
cleared for aquaculture, totalling approximately 301 hectares, were actually cleared within the past 
five years. 
 
Although limited operation may not have significant impacts on the mangrove forest reserve 
(Alongi, 2002; Rönnbäck, 1999), it could exert more unnecessary pressure on the delivery of other 
ecosystem services that are already showing multiple signs of deterioration. Some of the direct and 
indirect problems of pond aquaculture include blockage of tidal creeks; alteration of natural tidal 
flows; alteration of the groundwater table; increase in sedimentation rates and turbidity in natural 
waters; release of toxic wastes; overexploitation of wild seed stocks; development of acid sulphate 
soils; reduced water quality; introduction of excess nutrients; and alteration of natural food chains 
(Alongi, 2002; Robertson and Phillips, 1995). These are all factors that could negatively impact all 
three of the ecosystem services that have been assessed in this study. 
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7.5.3 Uncertainties 
 
The analysis of classified images will always contain a certain degree of uncertainty. It is therefore 
important to identify and understand the source of the uncertainties that are associated with the 
analysis prior to any form of utilization of any extracted information from the study. The 
uncertainties associated with this study include: 
 
1. The 1978 classified image was derived from an MSS image that has a spatial resolution of 
80 m and four bands. All the other classified images were derived from images with a 
spatial resolution of 30 m and six bands. The incorporation of the data, although much 
coarse compared to the other image datasets, was however necessary to ensure a multi-
temporal analysis that spanned more than 30 years – the time that would take to complete 
the cycle of a single rotation at the MMFR. In addition to that, the study area is a managed 
mangrove forest with sub-coupes that have a minimum size of two hectares. This would 
compensate or negate the amount of information that could potentially be lost by 
incorporating a lower resolution image dataset. 
 
2. A close examination of the classified data showed that the classification results of areas of 
young mangrove trees between the ages of three and five years would often be misclassified 
as mature mangrove forest due to the vegetation structure. Based on the ancillary dataset and 
the management records, we calculate both, an over estimation of mature mangrove forest 
and an under estimation of young mangrove forest by approximately 2400 hectares. Apart 
from that age, we were able to conclusively separate the younger mangrove stands (dense 
stands) from the mature stands (sparse stands). 
 
7.5.4 Future research 
 
Future research is needed to shed further light on the deterioration of multiple ecosystem services at 
the MMFR. Some important directions for research pertaining to the ecosystem services at the 
mangrove forest reserve include: 
 
1. Identifying and understanding the underlying causes of late regeneration of mangrove trees 
and its effect on greenwood yield overtime. 
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2. Investigating the decline in the production of blood cockle seed and adult blood cockle, to 
identify possible management actions to promote sustainability. 
 
3. Investigating the possible links between blood cockles and migratory birds at the MMFR 
bird sanctuaries. 
 
4. Determining an effective conservation plans for the population of migratory birds and Milky 
Storks. 
 
5. Quantifying the provision of all ecosystem services at the mangrove forest reserve, and 
examining the trade-offs and synergies among them to lead to a better understanding of how 
the relationships among ecosystem services can change over time and space. 
 
Future research will also be able to take full advantage of the recently launched Landsat 8. The 
availability of a constant source of image datasets will allow the recalibration of the classification to 
increase its accuracy and effectiveness. We will be able to closely monitor the impact of change in 
vegetation structure on spectral signatures of designated plots. Overall, future research should focus 
on priority management issues. It is crucial to link science to management in order to have an 
effective and efficient mangrove management. The findings of future research can be used to 
underpin the management of sustainable ecosystem services at the mangrove forest reserve in 
future.  
 
7.6 Conclusion 
 
For decades, the MMFR has been an outstanding example of a managed mangrove forest 
sustainably exploited for the provision of raw material for the production of charcoal and poles. 
However, it is important to realize that an ecosystem management strategy that is structured to 
maximize the production of one ecosystem service, especially one that involves the extraction of 
timber, will often negatively impact the provision of all the other ecosystem services. It is, 
therefore, crucial to understand the trade-offs and synergies between the provision of the different 
ecosystem services to ensure the continuity in the provision of all the ecosystem services in a 
sustainable manner. 
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We need to realize that the mangrove forest reserve provides a multitude of other ecosystem 
services that benefits the surrounding community. Due consideration must be given to these 
ecosystem services as a whole to enhance our understanding of the relationship that exists between 
these services. These flow of services, if left unmonitored, could cause a subtle but yet devastating 
degradation of the entire coastal ecosystem. It could lead to a decline in the ecosystem functions 
and disrupt the flow of critical ecosystem services to the community. It is imperative that the 
management continue to monitor for unexpected decline or loss of all ecosystem services provided 
by the MMFR especially critical, considering that the global climate change and sustainability 
limits are now issues that increasingly need to be addressed worldwide. 
 
There is a huge need for management models to predict sustainable limits for the provision of all 
the ecosystem services at the MMFR. We also need to analyse, understand and appreciate the 
complex and dynamic relationships that exists between different ecosystem services in order to be 
able to formulate an ecologically sound approach to the management of the mangrove forest 
reserve. In the future, working plans of the mangrove forest reserve will need to be geared towards 
the development and implementation of a more comprehensive ecosystem services management 
program. 
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Abstract 
 
Mangroves are an ecologically important and carbon-rich coastal ecosystem that many depend on 
for their livelihoods. Over recent years there have been growing discussions in the policy and 
scientific communities over how to include mangrove forests in climate change mitigation 
initiatives such as REDD+. There are a number of challenges to establishing a successful REDD+ 
project in a mangrove forest area; issues related to land tenure and stakeholder entitlements are 
arguably some of the most challenging.  In this paper, we gather evidence and relate assessments of 
stakeholders’ profiles and needs with attributes of ecosystem services to develop a better 
understanding of who has what sorts of interests and entitlements in the study area. The focus of our 
study is the Matang Mangrove Forest Reserve, a 40,466 ha mangrove forest area in Malaysia. This 
is an area which has been managed for timber production for more than 100 years and that has 
recently revealed evidence of declining ecosystem health. Our results provide some insights into 
how REDD+ might be used to better balance timber production and conservation objectives, 
leading to better socio-ecological outcomes for the forest and its stakeholders. 
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8.1 Introduction  
 
The climate policy initiative ‘Reducing Emissions from Deforestation and Forest Degradation Plus’ 
(REDD+) was developed to support co-benefits that result from management interventions that 
target reductions of forest-based greenhouse gas emissions. REDD+ seeks to reduce land-use 
related emissions from forest systems in developing countries through the provision of 
performance-based compensations to incentivize protection and the better management of forest 
resources (Corbera and Schroeder, 2011).  
 
REDD+ was originally developed for terrestrial forests (Angelsen and Brockhaus, 2009). More 
recently, as a result of the growing recognition of the importance of mangrove forests in the global 
carbon cycle as intensive carbon sinks (Alongi, 2012; Donato et al., 2011; Nellemann et al., 2009; 
Ong, 1993; Thomas, 2014), researchers have begun to examine how REDD+ might be applied to 
mangroves (Lovelock and McAllister, 2013; Murdiyarso et al., 2013). The UN Collaborative 
Programme on REDD+, can already accommodate mangrove forests. Efforts have also been 
intensified to develop a better understanding of the rates of carbon sequestration and carbon emitted 
during deforestation and degradation in mangroves to create an acceptable carbon accounting and 
approved methodologies for these climate change mechanisms (Mcleod et al., 2011; Pendleton et 
al., 2012; Siikamäki et al., 2013; Siikamäki et al., 2012).  
 
The implementation of REDD+ programs is associated with different type of risks and obstacles 
and its success is dependent on a network of complex contingencies (Angelsen, 2008; Clements, 
2010; Martin, 2013). One of the key issues that has constrained the implementation of REDD+ 
programs in general has been the complexities related to forest tenure (Larson, 2011; Sunderlin et 
al., 2009). The presence of organisational fragmentation and complex sociological, ecological and 
economic factors adds further complication to the implementation process and would likely prevent 
an equitable distribution of potential benefits (Law et al., 2012). 
 
Because of the diverse range of ecosystem services mangrove forests that provide, and given that 
the aim of REDD+ is to achieve diverse ecological and social objectives, one of the key issues in 
the development of REDD+ initiatives in mangrove forest areas will be identifying the stakeholders 
who have rights or entitlements related to the forests, and how the benefits of any REDD+ initiative 
are distributed in a fair and effective manner between the multiple stakeholders (Lovelock and 
McAllister, 2013). Moreover, establishing the tenure structure, and identifying and resolving 
potential tenure insecurity at an early stage will be critical in ensuring an effective and equitable 
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implementation of REDD+ (Larson et al., 2012; Larson et al., 2013). There are four key factors that 
have been found to be crucial to the success of implementing an efficient and equitable REDD+ 
initiative: (1) assuring rights; (2) establishing responsibilities; (3) ensuring equitable distribution of 
benefits, and (4) protecting existing rights and livelihoods (Sunderlin et al., 2014). Those people 
with a stake in the potential benefits and those accountable for protecting and increasing the carbon 
sequestration of the forest need to be identified. Identifying stakeholders will facilitate the equitable 
distribution of the benefit stream generated by REDD+. This should form the foundation for an 
effective REDD+ activity that would lead to the protection of the rights and the livelihoods of the 
respective stakeholders. 
 
One method that is potentially useful to investigate these elements is stakeholder identification and 
analysis techniques (Renard, 2004). Stakeholder-based processes can encapsulate a potential project 
site’s stakeholder structure, objectives and concerns, and  provide prospective managers with 
valuable insights to assist in decisions about trade-offs between different land management options 
(Kenney et al., 2014). 
 
This paper provides a significant three-fold contribution to the growing literature and development 
of REDD+ programs in mangrove forests. Firstly, we present an assessment of implementing 
REDD+ in a production mangrove forest in Malaysia by conducting a stakeholder identification and 
analysis in combination with an ecosystem services identification, analysis and mapping exercise. 
Secondly, we contribute to the discussion of REDD+ tenure obstacles by addressing the key 
elements of tenure security at the MMFR. Thirdly, since most of the early initiatives in 
implementing ‘blue carbon’ based REDD+ programs in mangrove forests have been strictly focused 
on conservation and restoration efforts (Alongi, 2011), we provide an insight into the possibilities 
of utilizing REDD+ as a management tool to enhance sustainable outcomes in a production 
mangrove forest. 
 
8.2 Background 
 
8.2.1 Study Area 
 
The Matang Mangrove Forest Reserve (MMFR) covers some 40,466 ha and has gone through more 
than a century of continuous and systematic forestry management. It has been primarily managed 
for the production of poles and charcoal. It also supports multiple critical ecosystem services that 
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provide wide ranging socio-economic benefits. It is reputed to be one of the most sustainably 
managed mangrove forest in the world. 
 
The management employs a 30-year rotation Clear Felling and Planting silviculture system. 
Thinning activities are carried out twice, at the stand age of 15 and 20 years before the trees are 
clear felled at the stand age of 30 years (Gan, 1995). Timber extraction activities are mainly 
conducted on 29,794 hectares or 73.6% of the total forest area while only 7,360 hectares or 18.2% 
are protected and free from anthropogenic activities. Limited timber extraction activity is carried on 
2,892 hectares or 7.1% of the mangrove reserve and the remaining areas comprise of agricultural 
bunds and infrastructures (see Figure 8-1). Natural and artificial regeneration are crucial in 
restocking clear felled areas. 
 
An ecologically based forest management plan was formulated and implemented in the second 10-
year period of the second rotation of the 1990 to 1999 working plan (Azahar and Nik Mohd. Shah, 
2003; Gan, 1995). It transformed the management system from one that was purely based on 
economic objectives to one that incorporated wider ecologically-based objectives. The 
transformation extended the functional role of the MMFR beyond the traditional role of producing 
timber to include ecotourism, education, and research activities (Jusoff and Taha, 2008). The 
revised management objectives also included an increase in the area of protected riverine and 
coastline areas, preservation of unique sites, conservation of biodiversity, and the protection of 
sufficient habitats for the proliferation of wildlife (Hamdan et al., 2012). The overall objective was 
to eventually create a constant supply of high yielding greenwood as raw material for the 
production of poles and charcoal within an ecologically sustainable framework (Azahar and Nik 
Mohd. Shah, 2003). 
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Figure 8-1: The location of Matang Mangrove Forest Reserve (right) and the breakdown of the management defined forest classes (left). 
 
 
Source: Adapted from (Azahar and Nik Mohd. Shah, 2003; Hamdan et al., 2013) 
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However, in reality, the management plan was structured with a set of inherently competing 
objectives.  The extraction of timber for example, has been shown in other locations to result in a 
decline of the health of numerous ecosystem services (Dobson et al., 2006; Elmqvist et al., 2011; 
Nalle et al., 2004; Rodriguez et al., 2006). The difficulties in balancing these competing objectives 
are becoming evident as signs of degradation in several critical ecosystem services have recently 
been observed (Ammar et al., 2014a). An assessment of the total carbon stock in the MMFR 
showed that in 1991 there was an estimated total of 3.04 mil t C, but that this figure declined to 2.15 
mil tC in 2011 (Hamdan et al., 2013). This equates to a carbon stock loss of approximately 3.2 mil 
tCO2e over a period of 20 years. Moreover, the production of adult blood cockles – an historically 
important fisheries stock - are now less than a quarter of the historic high in 1980 (Ellison, 2008). 
Furthermore, in the late eighties, Verheugt (1987) predicted a decline in the population of Milky 
Stork due to the forestry activities at the MMFR. The study argued that anthropogenic activities 
inhibited the breeding patterns of the Milky Stork population. It found that the forest had lacked 
suitable habitat in the form of sufficiently matured and tall mangroves trees. In 2009, there were 
reported sightings of only five individuals, representing a 90% decline of the Milky Stork population 
(Ismail and Rahman, 2012; Li et al., 2006). The MMFR has also seen large periodical fluctuations 
of greenwood yield that has been attributed to both ecological problems and management decisions 
(Gong and Ong, 1995; Ong, 1995). 
 
The development pressures on the MMFR are expanding. The number of kilns – used to process the 
area’s main timber product, charcoal - approved for operation in the 2010-2019 working plan was 
489; currently the highest since the 1960-1969 working plan (Roslan and Nik Mohd. Shah, 2014). 
This number exceeds the early management forecast and recommendation of a maximum number of 
418 kilns (Noakes, 1952). This will result in larger areas being assigned for annual clear felling 
during the 2010 – 2019 period.  
 
It should also be noted that during the last four years, approximately 300 hectares of state land 
bordering the MMFR were converted to shrimp ponds (Ammar et al., 2014a). Some of the more 
recently established shrimp ponds are within close proximity of the Pulau Kelumpang, an important 
habitat for migratory birds and the endangered Milky Stork. Although these ponds are not located 
within the boundaries of the managed mangrove forest reserve, the operation of these ponds 
requires sea water to be drawn and discharged into the area, an action that has the capability to 
affect the provision of other ecosystem services in the MMFR. 
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Furthermore, a recent study have identified the human settlement along the mangrove reserve 
estuary as a potential source of pollution that has contaminated the surface water and sediments of 
the deltaic estuarine system with various potential pathogenic bacteria (Ghaderpour et al., 2014). 
These pollutant may eventually lead to the contamination of the fishery, posing a high health risk to 
consumers.  
 
The evidence of ecosystem services degradation provides clear indication that, from an ecological 
point of view, there is an urgent need to balance timber extraction activities and conservation efforts 
for better ecological outcomes. Since REDD+ programs have been designed to promote 
environmental protection and community development by addressing social and economic needs 
(Kenney et al., 2014), it has the potential to provide the MMFR with an alternative management 
strategy that could help improve the sustainable management of the mangrove forest reserve. The 
implementation of REDD+ can contribute to the alleviation of the pressures currently faced by the 
critical ecosystem services. 
 
8.2.2 Major socio-economic activities 
 
8.2.2.1  Charcoal production 
 
The extraction of greenwood for the production of charcoal is a critical socio-economic activity and 
the most valuable timber product at the MMFR (Amir, 2005). In the 2000–2009 working plan a 
total average of 747 hectares per annum were designated to contractors for clear felling. The royalty 
(fees based on the amount of burns per kiln) collected by the Perak State Forestry Department 
(PSFD) during the 10 year working plan period of 2000 -2009 ranged from US$ 108,9553 to US$ 
326,874 per year, with a ten year average of US$ 154,572 per year (Roslan and Nik Mohd. Shah, 
2014). The average premium (fees based on allocated clear felling areas per ha) collected is 
estimated to be US$ 79,617 per year. This gave an average total royalty and premium of US$ 
234,190 per year. 
 
Based on an average wholesale price of US$ 188 per ton, the PSFD estimated an annual total 
production value of US$ 8,511,912 during the 2000-2009 working plan (Azahar and Nik Mohd. 
Shah, 2003). In the current working plan of 2010-2019, the department estimated an annual total 
production value of US$ 14,750,991 based on the increase in the average wholesale price to US$ 
                                               
3 http://www.federalreserve.gov/releases/H10/hist/dat00_ma.htm, accessed on 21 August 2013. The historical rate used 
in this study was the obtained from 17 July 2013.  (US$ 1.00 = Malaysian Ringgit 3.19). 
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282 per tonne and an increase in the overall yearly production (Roslan and Nik Mohd. Shah, 2014). 
The majority of the charcoal produced today is exported to Japan.  
 
8.2.2.2  Poles production 
 
A total area of 16,300 hectares was designated for intermediate felling (thinning) in the 2000–2009 
working plan (Azahar and Nik Mohd. Shah, 2003). The average area allocated for Thinning 1 was 
776 hectares per year while Thinning 2 was allocated an average area of 854 hectares per year. This 
activity was estimated to produce an average of 648,100 poles per year with an estimated total 
production value of US$ 807,304 in the 2000-2009 working plan (Azahar and Nik Mohd. Shah, 
2003). Base on the estimated total production and the premium and royalty charged for the 
production of poles, the PSFD made an average total collection of US$ 199,701 per annum. The 
production of poles provides an opportunity for the wider community to participate in the forestry 
activity at the MMFR. In the current working plan of 2010-2019, the total poles production has 
been estimated to have a total production value of US$ 1,792,777 (Roslan and Nik Mohd. Shah, 
2014). 
 
8.2.2.3  Fisheries 
 
One hundred and thirty-eight species of fish were identified in the MMFR, including 40% estuarine 
residents and 60% marine migrants, with 105 species (or 76%) that are commercially exploited 
(Chong, 2005, 2007). There is a total of 15 penaeid shrimp species that are marine migrants and 
they are all commercially exploited. It has been found that that 87% of fish in the MMFR 
waterways and 83% in adjacent mudflats were juveniles, suggesting that the mangroves play a 
major role as a nursery ground (Sasekumar et al., 1994).  
 
The total catch of fish and prawns landing by fishermen from within and off the waters of the 
MMFR was estimated at 93,083 tonnes in 2000, or 43% of the Perak’s total catch. Based on studies 
that determined the nursery ground function for coastal fishes and invertebrates, the total catch 
attributable to mangrove dependent species was estimated at 65,026 tonnes (Azahar and Nik Mohd. 
Shah, 2003; Chong, 2005; Sasekumar et al., 1994). Based on the annual fisheries statistics average 
of US$ 966 per tonne for all the marine catch in Perak, the mangrove-dependent catch had an 
estimated value of US$ 62.8 million in 2001 (Azahar and Nik Mohd. Shah, 2003). In 2011, the total 
catch attributable to mangrove dependent species was estimated to be 88,887 tonnes and at an 
average price of US$ 2,045 per tonne it was valued at approximately US$ 181.8 million (Roslan 
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and Nik Mohd. Shah, 2014). The increase in catch was mainly attributed to the over-allocation of 
fishing effort during the period (DOFM, 2012; Roslan and Nik Mohd. Shah, 2014).  
 
8.2.2.4  Aquaculture 
 
There are two forms of brackish water aquaculture activities that are permitted in the MMFR; 
cockle culture and net cage fin-fish culture. Cockle culture is often considered a semi-aquaculture 
activity because there is very little human intervention during culture except for the initial sowing 
of cockle spats to increase cockle densities. The production of adult cockles in 2000 was valued at 
US$ 10.2 million, making it one the most important livelihood activities at the MMFR (Azahar and 
Nik Mohd. Shah, 2003). The production of blood cockles has declined significantly over the past 
ten years. In 2011, the MMFR accounted for the production of blood cockle valued at only US$ 7.5 
million. 
 
Cage culture is the next most important aquaculture activity in the MMFR. Net cages are often 
located at or near the estuaries of the main river channels of the MMFR. Based on annual fisheries 
statistics for Perak in 2000, the total cage production was 348 tonnes (DOFM, 2012). Using an 
average wholesale price of US$ 4,541 per ton, the production of net cage is valued at US$ 1.6 
million (Azahar and Nik Mohd. Shah, 2003). In 2011, the total cage production was 1,955 tonnes 
valued at US$ 6.05 million (Roslan and Nik Mohd. Shah, 2014).  
 
The MMFR is also indirectly important to coastal fish and shrimp ponds which are located along 
the perimeter and outside the boundaries of the MMFR. These activities are operated on state or 
private land. These ponds generate a production value of approximately US$ 4.2 million (Azahar 
and Nik Mohd. Shah, 2003). In 2011, pond culture contributed US$ 6.1 million to the local 
economy (Roslan and Nik Mohd. Shah, 2014).  
 
8.2.2.5  Tourism 
  
Bird watching is a popular recreational activity in the MMFR (Othman et al., 2004). Other tourist 
attraction includes boat cruises, firefly watching and visits to the charcoal production factories, fish 
farms and an archaeological site that was inhabited by ancient civilization dating back to 200 BC 
and 1,000 AD (Ahmad, 2009). The lake at Pulau Kelumpang is a bird sanctuary that has been 
identified as important habitat for Milky Stork. The mangroves provide the essential feeding ground 
for migratory birds that fly thousands of kilometres between Siberia and Australia. The PSFD 
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promotes tourism in the area by providing chalets and walkways into the forest. 
 
All the socio-economic activities mentioned above are part of a wider range of ecosystem services 
provided by the MMFR which directly or indirectly contribute to the well-being of the surrounding 
community and beyond. It also provides other ecosystem services such as carbon sequestration and 
storage, soil formation through sedimentation and organic material accumulation, high net primary 
production, nutrient cycling and moderation against extreme events (Alongi, 2002; Ewel et al., 
1998). It is also crucial for the adaptation to climate change as it promotes resilience to sea level 
rise and provides habitat stability (Khan et al., 2012; Krauss et al., 2013). For the purposes of this 
study and as an initial step in analysing and understanding the possibilities of the proposed 
integration, we will only focus our assessment on key ecosystem services.  
 
8.3 Methodology 
 
The different characteristics of mangrove forests ultimately determine the range of ecosystem 
services they provide (Ewel et al., 1998). An assessment and characterisation of individual sites are 
required to provide information that would be valuable in determining the likely benefits to the 
different groups of stakeholders and to provide land-use managers with a valuable tool to assist in 
decision making processes. In this study, the assessment was designed to evaluate the 
characteristics of the ecological and social systems specific to the MMFR and in the context of 
implementing a REDD+ project in the area (Fisher et al., 2009a).   
 
REDD+ has been developed to achieve multiple objectives and often involves a wide range of 
stakeholders. Therefore, the consideration of the various rights and interests of all the stakeholders 
are crucial in the successful implementation of a REDD+ project in the mangrove forest reserve 
(Purnomo et al., 2012). We initiated a preliminary integrated assessment of the potential and 
implications of an integration of a REDD+ project at the MMFR, by conducting an ecosystem 
service and stakeholder identification, ecosystem service mapping, ecosystem service and 
stakeholder analysis. Collectively, the assessments were structured to evaluate whether a REDD+ 
project could be implemented in an equitable, effective and efficient manner at the MMFR while 
still protecting existing rights and livelihoods. 
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8.3.1 Ecosystem service and stakeholder identification 
 
Natural resources management in protected areas, such as the MMFR, revolve around conflicts 
between diverse group of stakeholders with different objectives, views and interests (McCreary et 
al., 2001; Twyman, 2000). Prior to any implementation of policies that would affect the use of its 
natural resources, it is crucial to understand and manage the complex relationship between the 
ecosystem services and the different groups of stakeholders (Hjortsø et al., 2005). Therefore, a 
successful integration of REDD+ would require for the ecosystem services and the interests of all 
stakeholders to be identified and aligned to a broader set of objectives (Thompson et al., 2011). 
 
The ecosystem services were identified based on the collection of data gathered from the 
comprehensive working plans prepared by the management of the mangrove forest reserve and 
(Azahar and Nik Mohd. Shah, 2003; Gan, 1995; Roslan and Nik Mohd. Shah, 2014). We adopt The 
Economics of Ecosystem and Biodiversity (TEEB) proposed typology of four broad categories 
(provisioning, regulating, habitat or supporting services and cultural services) in classifying the 
ecosystem services provided at the MMFR (TEEB, 2010).  
 
The stakeholder identification exercise was aimed at identifying the different groups of stakeholders 
that directly or indirectly benefit from the provision of the ecosystem services identified at the 
MMFR. They were determined based on asking the following questions (Renard, 2004): 
 
a. Who makes decisions that affect these ecosystem services? 
b. What are the industries that interact with the coastal ecosystem? 
c. Who benefits directly or indirectly from these ecosystem services? 
d. How do they interact with or benefit from these ecosystem services? 
e. Who has rights and responsibilities over the benefit of these ecosystem services? 
 
These questions were answered using local expert knowledge and existing data gathered from the 
published working plans. The identification process enabled us to recognize and consider the 
interests of all the different groups of stakeholders. The combined output of the two identification 
exercises were used to build an understanding of the complex and dynamic relationship between the 
ecosystem services and each of the different groups of stakeholders in our analysis. 
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8.3.2 Ecosystem service mapping 
 
The implementation of a REDD+ project can be viewed as the act of trading one ecosystem service 
for another. For example, giving up the production of timber (provisioning services) for carbon 
sequestration benefits (regulating services). Therefore, the location and spatial distribution of the 
ecosystem services at the MMFR are crucial elements in our analysis.  The maps in this study were 
adapted and generated from detailed forest inventory and management data obtained from the 
collection of working plans of the MMFR (Azahar and Nik Mohd. Shah, 2003; Gan, 1995; Roslan 
and Nik Mohd. Shah, 2014). The mapping exercise was not intended to model or value the 
ecosystem services. The main objective was to visually depict where and what services were 
provided by the mangrove forest reserve in order to help form an understanding of the stocks, 
demands and flows of ecosystem services at the mangrove forest reserve (Burkhard et al., 2013).  
 
A geographic information systems (GIS) approach was used to enable the study to visually 
encapsulate and present critical information derived from the ecosystem services identification 
exercise. It was used to clearly visualize the spatial patterns of the situation being examined and to 
it facilitate the assessment of the potential impacts from projected changes that might result from 
the implementation of a REDD+ project at the MMFR (Nemec and Raudsepp-Hearne, 2013). 
 
8.3.3 Ecosystem service and stakeholder analysis 
 
Once the ecosystem services and all the stakeholders were identified and mapped, we assessed and 
analysed their respective interests. This enabled us to gain insights into the systemic interaction 
between natural processes, management policies and communities that depend on the ecosystem 
services provided by the MMFR (Hjortsø et al., 2005). It allowed us to build an understanding of 
the existing patterns of decision-making and the contexts of interaction between each of the 
different groups of stakeholders, whose individual and collective decisions would eventually 
determine the environmental outcomes at the MMFR (Lal, 2003).  
 
The ecosystem services and stakeholder analysis were designed to analyse the impact of the 
implementation of a REDD+ project on the interests of all the different group of stakeholders at the 
MMFR. A set of well-defined questions were structured to ensure that the analysis provided an 
understanding of conflicts and power relations, and to allow for an in-depth analysis of the key 
factors that determine patterns of the use, distribution and  provision of ecosystem services at the 
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MMFR (Renard, 2004). Some of the questions developed to elicit the information required for the 
analysis included: 
 
a. What are the level of influence of the stakeholders? 
b. Who has direct or indirect impacts on the ecosystem services? 
c. How would they be affected by an implementation of REDD+? 
d. What are their capacity to influence the implementation of REDD+? 
e. What is their basis and source of power? 
f. What is their willingness and capacity to participate? 
g. What are the current and future interests of the various stakeholders in the use and 
management of the ecosystem? 
h. What are the social and environmental impacts, both positive and negative, of their past 
and current uses of and relationships with the ecosystem services? 
 
The analysis focused on the relationship between the stakeholders, including the possible trade-offs 
and synergistic outcomes of the ecosystem services and the expectations of the stakeholders in the 
event of a REDD+ project implementation at the MMFR. This ensured that the assessment 
addressed the relationship between all the different stakeholders and included all their views and 
objectives. In combination with the findings of the previous assessment, the analysis was 
synthesized and presented in a table so that the complex interrelationships could be analysed in a 
form that is direct and easily understandable. 
 
8.4 Results and discussion 
 
8.4.1  The Matang Mangrove Forest Reserve ecosystem services and stakeholders 
 
The results of the identification processes have been synthesised and presented in Table 8-1. We 
can see that the MMFR provides a wide range of critical ecosystem services under each of the four 
broad categories defined by TEEB (2010). As one would expect, the material output derived from 
the mangrove forest reserve drives four of the major socio-economic activities described in the 
background section of this study – charcoal and poles production, cockle culture and net cage fish 
culture.  The other provisioning services are minor forest products that are either derived directly 
from the forest or a derivative from the charcoal production industry. Although they do not generate 
huge amounts of revenue, these small-scale activities contribute to the livelihood and socio-
economic development of some of the communities living within or adjacent to the MMFR.  
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Table 8-1: The ecosystem services and stakeholders of the Matang Mangrove Forest Reserve. 1 
 2 
PSFD = Perak State Forestry Department, PFD = Perak Fisheries Department, DWNP = Department of Wildlife and National Parks. 3 
Ecosystem Services Ecosystem Services Ecosystem Services Management Industry Communities Communities
(Broad Categories) (TEEB, 2010) (Types) (Socio-Economic Benefits) (Benefits)
Food Shrimp Ponds Privately Owned Local Shrimp Industry Local General
and Managed
Food Cockle Culture PSFD Local Cockle Industry Local General
PFD
Food Net Cage Fish Culture PSFD Local Net Cage Fish Industry Local General
PFD
Raw Materials Timber for charcoal PSFD Local Charcoal Industry Local Local
(Clear Felled) 2 Japanese Companies (Exporters) International (Japan)
Raw Materials Timber for poles PSFD Local Poles Industry Local General
(Thinning) General Construction Industry
Raw Materials - Derivative Wood Vinegar PSFD
Raw Materials - Derivative Briquettes PSFD
Raw Materials - Derivative Other charcoal products PSFD
Raw Materials Nypa Products PSFD Local Local
Raw Materials Nibong Poles PSFD Local Local
Raw Materials Vegetable Support Structure PSFD Local Local
Raw Materials Firewood PSFD Local
Carbon Sequestration and Storage Coastal Carbon Sink PSFD General
Erosion Prevention Stabilising Coastal Sediments PSFD Local
Erosion Prevention Maintaining of Channel Depth PFSD Local
Moderation of Extreme Events Tsunami Protection PSFD Local
Moderation of Extreme Events Storm Protection PSFD Local
Waste-Water Treatment Filter Human and Animal Waste PSFD Local
Habitat for Species Nursery Role for Fish and Shrimps PSFD Local General
PFD General
Habitat for Species Mammals PFSD General
DWNP
Habitat for Species Birds PFSD General
DWNP
Tourism Nature Education Centre PSFD General
Tourism Fireflies Watching PSFD Local General
Tourism Bird Watching PFSD Local General
DWNP
Tourism Charcoal Processing Site PFSD Local Charcoal Industry Local General
Tourism River Cruise PFSD Local General
Cultural Services
STAKEHOLDERS
Provisioning Services
ECOSYSTEM SERVICES
Regulating Services
Habitat or Supporting Services
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The shrimp ponds which operate on the outskirts of the mangrove forest reserve have been included 
in the list due to the nature of its activities which can have an impact on the coastal ecosystem. The 
different cultural services which provide nonmaterial benefits such as science and education, 
biodiversity and ecosystem appreciation, and recreational activities, are the backbone of the tourism 
industry in the MMFR. 
 
Some of the crucial regulating services provided by the MMFR include sequestering and storing 
carbon, providing protection for the local villages against extreme events such as storm surges, 
stabilising coastal sediments and acting as biofilters. The habitat and supporting services provided 
by the mangrove forest reserve are crucial to the fishing industry on the west coast of Malaysia and 
also supports the aquaculture industry in the MMFR. It plays an important role in providing refuge 
and feeding ground for migratory birds and the highly endangered Milky Stork which in turn is 
important to bird watching, a tourism activity at the MMFR. The interconnectedness of the 
ecosystem services and the interdependency between the ecosystem services and its beneficiaries, 
highlights the importance of identifying and understanding the ecosystem services to ensure a 
successful integration or establishment of a REDD+ project at the MMFR would depend on. 
 
In the stakeholder identification exercise, we broke the group of stakeholders into four categories: 
the management – those with jurisdiction over the ecosystem service(s); the industries – businesses 
that participate in major economic activities through direct or indirect interaction with the mangrove 
forest reserve; and the communities – with a distinction of those that benefit from the socio-
economic activities and those that obtain general benefits from the ecosystem services. The 
categorization was tailored specifically for the study area to best describe the relationship between 
the ecosystem services and the different stakeholders, their practices, expectations and interests in a 
form that is easily understandable and manageable. 
 
In Malaysia, the management of state owned mangrove forests fall under the jurisdiction of the 
respective state forestry department (Jusoff and Taha, 2008). The PSFD is the custodian and 
manager of the MMFR. Management decisions are based on published working plans that are 
revised every 10 years. Because the PSFD is the custodian of the MMFR, it plays a central role in 
the provision all of the ecosystem services identified. Although there are several instances where 
other departments such as the Perak Fisheries Department (PFD) and the Department of Wildlife 
and National Parks (DWNP) are involved, the forestry department takes precedence on how the 
mangrove forest reserve is managed and ultimately determines the ecological outcomes (Chong, 
2006; Jusoff and Taha, 2008).  In the case of the private owners of the shrimp ponds, their activities 
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are a source of external pressure on the coastal ecosystem and to ensure that the evaluation of the 
integration of the proposed REDD+ project is comprehensive, it is imperative we take them into 
consideration in our analysis. 
 
8.4.2  The Matang Mangrove Forest Reserve ecosystem services map 
 
The visual representation of the location and spatial distribution of the ecosystem services was 
deemed necessary to simplify and enhance our understanding of the relationship between the 
different groups of stakeholders and the benefits they derive from the mangrove forest reserve 
(Walker et al., 2008).  It enabled us to focus on the ecosystem services rather than the biophysical 
processes and it also provided us with the flexibility to deal with data and knowledge limitations in 
the evaluation process (Tallis and Polasky, 2009). Based on our results from the identification 
exercise, we were able to segregate and represent the ecosystem services into eight individual maps 
(see Figure 8-2). 
 
The production forest map highlights a total of 80.7% of the mangrove forest reserve area (Figure 
8-2A). Timber extraction activities for the production of charcoal and poles are mainly conducted in 
73.6% of the forest and limited timber extraction activities are conducted in 7.1% of the forest 
which are mainly located on the fringes of the forest. It currently generates the highest amount of 
revenue between the economic activities present at the MMFR. The PSFD derives its operating 
revenue mainly from premiums and royalties charged for the charcoal and poles production related 
activities (Azahar and Nik Mohd. Shah, 2003; Gan, 1995; Roslan and Nik Mohd. Shah, 2014). 
 
Greenwood extraction for the production of charcoal and poles, involves direct interaction with the 
ecosystem and exposes the forest to anthropogenic disturbances. It will most likely result in the 
decline in the provision of one or more of the other ecosystem services. In addition to the extraction 
of greenwood for charcoals and poles, the production forest also plays an important role in minor 
forest products. However, because the interaction of the community with the forest is highly 
regulated and the activity is participated by a small segment of the surrounding community (Roslan 
and Nik Mohd. Shah, 2014), we assume its impact on other ecosystem services to be negligible. 
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Figure 8-2: The location of critical ecosystem services at the Matang Mangrove Forest Reserve. (2A) Production Forest; (2B) Protected Forest; (2C) 
Bird sanctuaries; (2D) Regulating services; (2E) Captured fisheries; (2F) Cockle culture; (2G) Net cage fish culture; (2H) Private shrimp 
ponds. 
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The zonation leaves only 18.2 % or a total of 7,360 ha of the mangrove forest reserve protected and 
free from direct anthropogenic disturbances (Figure 8-2B). However, out of the total protected area, 
33.9% comprise of non-mangrove species categorised as dryland forest. The protected areas also 
include virgin jungle reserves and old growth forests. Tourism, education and research activities are 
mainly located within the areas of the protected forest. 
 
The Matang Mangrove Forest Reserve is also an important habitat to a total of 154 species of birds 
and of this, 49 species are migratory birds (Othman et al., 2004).  In view of this, the management 
regime has created permanent bird sanctuaries and increased its efforts in preserving the 
surrounding mudflats. Although the bird sanctuaries known as Stork Lake I and Stork Lake II are 
located within the protected forest area, it has its own buffer zones and was deemed important to be 
depicted in a map of its own (Figure 8-2C). Note that this ecosystem services supports bird 
watching activities which is a popular recreational activity at the MMFR. Direct or indirect 
anthropogenic activities can cause disturbance and destruction of this critical habitat. 
 
The regulating services are represented by a subset of a Landsat satellite imagery shown in true or 
‘natural’ colour by combining the red, green and blue bands (Figure 8-2D). The forest as a whole 
acts as an intensive carbon sink, it provides storm and tsunami protection for dwellings close to the 
forest, it stabilises the coastline and helps assimilate wastes. The removal of biomass and regrowth 
patterns of the forest are detrimental to the sustainability and efficiency of the delivery the 
regulating services provided by the MMFR, particularly its function as a coastal carbon sink. 
 
Captured fisheries attributed to the MMFR generates the highest economic value and plays an 
important role in Malaysia’s food security. This activity occurs within the channels and off coast of 
the mangrove forest reserve. Fishing activity using traditional gears are generally confined to Zone 
A while the commercial gears operate in waters designated as Zone B and Zone C (Figure 8-2E). 
The benefits derived are not directly gained by extracting material from the mangrove forest reserve 
but the integrity and health of the ecosystem plays an important role in sustaining the activity. 
Activities that negatively impact the ecosystem could result in the decline of captured fisheries. 
 
The two leading brackish water aquaculture industry in the MMFR are cockle culture and net cage 
fish culture. These activities are mainly concentrated on the main rivers at the MMFR (Figure 8-2F 
and 2G). The natural cockle beds are found on the mudflats of the MMFR. The mangrove forest 
plays an important role in providing a suitable location for these activities and any change on the 
ecological health of the forest would undoubtedly have an adverse effect.  
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As mentioned in the introduction section, the presence of potential pathogenic bacteria has already 
been detected and could already be threatening the industry. It is also interesting to note that in the 
year 2000, brackish water aquaculture was the highest revenue generating industry located within 
the vicinity of the MMFR. The estimated revenue from the blood cockle industry alone exceeded 
the revenue generated by the charcoal and poles industry. However, the cockle industry has seen its 
revenue decline in recent years. 
 
8.4.3  Ecosystem services and stakeholder analysis 
 
The ecosystem services identification and mapping exercise enabled us to form and construct a 
simplified conceptual cause-effect relationship diagram between the different ecosystem services, 
mainly in the context of the socio-economic activities that derive benefits from the mangrove forest 
reserve ecosystem (Figure 8-3). This was done specifically to establish the fundamental linkages 
between the activities at the MMFR, with a specific focus on the pressure or negative impact that 
one activity would have over the other(s). This informative step was crucial in the evaluation of the 
integration of REDD+ at the MMFR as it allowed us to determine the different drivers of ecosystem 
services decline and provided us with the ability to identify possible areas which could benefit from 
the implementation of REDD+. 
 
Based on the current scientific understanding of the relationship between the ecosystem services in 
a mangrove forest, we categorised the presence of pressure that could potentially affect the 
ecosystem services from the perspective of the primary stakeholder, which we have identified as the 
PSFD. The potential impacts exerted on the ecosystem services were categorised into three types of 
pressure: (1) direct pressure; (2) external pressure and (3) compounding pressure. We define a 
direct pressure as an adverse impact caused by activities that emanate from within the managed 
mangrove forest reserve and falls under the direct jurisdiction of the PSFD. An external pressure is 
the adverse impact from activities that occur near the surrounding areas bordering the mangrove 
forest reserve but does not fall under the jurisdiction of the PSFD. The compounding pressure 
describes the cascading adverse impact that originated from a pressured ecosystem service which 
leads to the exacerbation of the condition of other ecosystem service(s). 
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Figure 8-3: Conceptual diagram of the impact of an ecosystem services over another at the MMFR. 
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Because the PSFD governs and manages all the activities and benefits derived from within the 
borders of the MMFR, the extraction of timber in 73.6% of the production forest and 7.1% in the 
restrictive production forest plays a crucial role in the delivery of all the other important ecosystem 
services that depend on the mangrove forest reserve. It has the potential to directly impact the 
provision of ecosystem services in three key areas: (1) the protected forest (which provides various 
cultural and habitat services); (2) the mangrove forest reserve (with a focus on all of the regulating 
services) and (3) the bird sanctuaries (although the two bird sanctuaries are located within the 
protected area, because of its high significance and the presence of signs of deterioration, we have 
decided to analyse it separately). 
 
The timber extraction activities, although has been deemed sustainable by all published accounts, 
has the potential to directly affect the available ecosystem services negatively in several different 
ways. Selective culture of a single species in the production forests has led to loss of biodiversity 
and may have resulted in the observed decline in mangrove productivity (Chong, 2006; Gong and 
Ong, 1995; Hamdan et al., 2013; Ong, 1995). Excessive thinning and different rates of regeneration 
of new stocks can also have a negative impact on carbon sequestration, which is an important 
regulating service provided by the mangrove forest reserve (Ammar et al., 2014a). The digging of 
canals in remote parts of the forest to transport timber can potentially expose recently cleared areas 
to either excessive flooding or it could temporarily block the access of tidal-water (areas where 
removed soil form a bund-like structure along the canal). Both of these conditions can have an 
adverse impact on the regeneration of mangrove trees. Timber extraction activities also cause direct 
anthropogenic disturbances to the population of birds at the mangrove forest reserve (Ismail and 
Rahman, 2012; Khaleghizadeh and Anuar, 2014; Khaleghizadeh et al., 2014; Verheugt, 1987). 
Because only 67% from the total area designated as the Protected Forest comprise of mangrove 
species, interaction with pristine mangrove forest is limited and this places a direct pressure on the 
Protected Forest.  
 
We have identified two major contributors of external pressure on the mangrove forest reserve at 
this point in time. The threat of external pressure originating from surrounding human settlements 
and activities, such as agriculture and palm oil plantation, on the mangrove forest reserve in the 
form of untreated human waste and other contaminants, has recently been highlighted and 
documented (Ghaderpour et al., 2014; Rahman et al., 2013). In addition to these, the recent increase 
in the operation of privately owned shrimp farms along the borders has also given rise to serious 
concern as it exerts additional pressure on the mangrove forest reserve. This is because, although 
mangrove forests can act as natural biofilters to tolerate chemical residues discharged from shrimp 
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farms, excessive amounts on an already stressed ecosystem can eventually impact the ecosystem 
negatively (Ellison, 1999; Vaiphasa et al., 2007).      
 
From the analysis, we can conclude that the combination of direct and external pressures pose a 
significant threat to the provision of the regulating services in particular. Because of the dynamic 
and complex relationship between the different ecosystems services, the additional pressure exerted 
on the regulating services could adversely affect other critical ecosystem services – potentially 
creating a vicious cycle of degradation. In the case of the MMFR, this is crucial because the 
compounding pressure exacerbates the delivery of the other ecosystems services that are, in several 
instances, higher in economic value than the activities that results in direct or external pressure 
being applied onto the ecosystem. The ecosystem services that are likely exposed to the adverse 
impacts of compounding pressure includes: 
 
1. Bird population and bird watching activities. 
In addition to the direct pressure exerted by timber extracting activities, the effects of compounding 
pressure originating from the deterioration of the regulating services will further increase the threat 
to the overall bird population and ultimately, the bird watching activities at the MMFR. Both of 
these threats have been identified as key conservation issues for migratory land and waterbird 
species around the world (Kirby et al., 2008). Birds are not only susceptible to anthropogenic 
disturbance but also to the bioaccumulation of pollutants through the ingestion of contaminated 
food sources (Aarif et al., 2014; De Luca-Abbott et al., 2001; Goutte et al., 2014). The estimation of 
the total value of the mangrove forest to local recreationists was approximated at US$ 1.15 million 
per year (Ahmad, 2009). From an economic stand point, the amount may be small compared to the 
other ecosystem services provided by the MMFR, but from an ecological stand point the dangers of 
extinction of species like the Milky Stork highlights the need of urgent attention (Ismail and 
Rahman, 2012).  
 
2. Captured fisheries, cockle culture and net cage fish culture activities. 
In 2011, captured fisheries was valued at US$ 181.8 million, cockle culture was valued at US$ 7.5 
million and net cage fish culture was valued at US$ 6.05. This makes them among the most 
important socioeconomic activities dependent on the ecological integrity of the MMFR. Research 
have already established links between fisheries and mangrove forests (Chong, 2007; Mumby, 
2005; Mumby et al., 2004). However, in the case of the MMFR, the effects of timber extraction or 
ecosystem deterioration on these activities have yet to be thoroughly investigated and quantified. 
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What we do know at this point is that there have been significant declines in the production of blood 
cockles, and that there is an almost non-existent supply of blood cockle seeds. Furthermore, despite 
there having been an increase in the value of captured fisheries, it has been largely attributed to an 
increase in fishing efforts. The recent detection of pollution in the waters of the MMFR will 
undoubtedly exert additional pressure on an already stressed coastal ecosystem (Ghaderpour et al., 
2014).  
 
Due consideration must be given to these services as a whole, not only to enhance our 
understanding of the relationship that exists between these services but because the relationship 
may ultimately result in a negative impact on the other services (Heal et al., 2005; Tallis et al., 
2008). Although a complete evaluation of all the ecosystem services is beyond the scope of this 
paper, the preliminary analysis in this study has demonstrated the dynamic and complex nature of 
the relationship between ecosystem services at the MMFR. 
 
8.5 Conclusion 
 
Our results indicate that the implementation of REDD+ programs at the MMFR is feasible from 
both, an ecological and a stakeholders’ needs perspective. It makes ecological sense because it has 
the capability to conserve and restore key areas linked to the provision of critical ecosystem 
services that has shown signs of degradation. The combination of stakeholder/ecosystem services 
identification and analysis highlighted several key characteristics of the MMFR’s stakeholder 
structure that were found conducive for the establishment of REDD+ programs. Firstly, the 
regulatory framework of the governance of the MMFR is clear and effective and the resource use 
rights are clearly defined. This ensures that there are no issues of tenure insecurity, ambiguity, and 
contestation. It also simplifies the process of establishing responsibilities. Secondly, the principal 
stakeholder, the PSFD, and the community share a common goal in ensuring the sustainable flow of 
critical ecosystem services. Having stakeholders sharing common objectives will facilitate the 
design and implementation of an equitable and efficient REDD+ program. Thirdly, and most 
importantly, the economic interests of the wider group of the stakeholders generally complement 
each other. They all depend on the long term ecological integrity of the mangrove forest reserve. 
This will reduce the complexities and risk of implementing a benefit-sharing mechanism such as 
REDD+. Overall, the tenure security and non-complex social interface will increase the possibilities 
that existing rights and livelihoods are protected in the event of an establishment of REDD+ 
programs at the MMFR. 
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We have established that the PSFD plays a central role in the overall management of the MMFR 
and its ecological outcomes. Their decision making process has the ability to influence and impact 
all major ecosystem services that are dependent on the mangrove forest reserve. While they have 
been successful in their efforts in sustaining the size of the overall forest and continuously 
providing ample areas for timber extraction, the outcome for the ecosystem services has not shared 
the same rate of success. Although some deterioration is inherently expected and accepted in a 
managed production forest, the fact that the MMFR provides other economically valuable 
ecosystem services makes the implication of any degree of deterioration a possible source of serious 
concern.  
 
The emerging evidence of multiple ecosystem services lends credibility to this view and highlights 
and supports the possibility of implementing measures, in this case REDD+ programs, to avoid 
timber extraction to restore or sustain these ecosystem services. An implementation of REDD+ will 
not necessarily spell the end for timber extraction activities at the MMFR. REDD+ programs can be 
used to achieve an optimum balance between timber production and conservation to promote better 
ecological outcomes. For example, it can be used to limit timber extraction activities to overcome 
the loss of biodiversity through the planting (or natural regeneration) of different species in specific 
areas that have been dominated by the more economically valuable species of Rhizophora apiculata 
(Ong and Gong, 2013). It could be integrated as part of the management regime’s strategy to 
achieve sustainable outcomes of wider ecological implications. 
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Abstract 
 
In this paper we investigate how REDD+ initiatives might be used to achieve a more sustainable 
balance between timber production and ecosystem health in a mangrove forest area in Malaysia. 
The focus of our study is on a 40,466 ha mangrove forest in Malaysia known as the Matang 
Mangrove Forest Reserve.  The Matang Mangrove Forest Reserve has been used for charcoal and 
pole production for over 100 years and is often described as a good example of a sustainably 
managed multi-use mangrove forest. However, recent research shows that the health of various 
components of the ecosystem is in decline (notably some bird species and the blood cockle fishery). 
We use opportunity cost analysis to determine that the minimum compensation required to offset 
the production revenue currently derived from timber production in the forest is less than US$0.83 
tCO2e. At these relatively low costs, we suggest that REDD+ could be used strategically to support 
the conservation of some parts of the Matang Mangrove Forest Reserve and also enable the 
continuation of timber production in other areas, resulting in better sustainable outcomes for the 
forest area and its stakeholders as a whole. 
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9.1 Introduction  
 
Mangrove forests typically hold substantial stores of carbon and are therefore a logical ecosystem to 
consider including under climate policy initiatives such as REDD+ (Reducing Emissions from 
Deforestation and Forest Degradation) (Donato et al., 2011; Laffoley and Grimsditch, 2009; 
Lovelock and McAllister, 2013; Murdiyarso et al., 2013; Murray et al., 2011; Nellemann et al., 
2009; Siikamäki et al., 2012; Thomas, 2014). With a global average rate of mangrove loss of 1-2% 
per year and an overall estimated loss of 30-50% since the 1940s, mangrove forests are also one of 
our most threatened ecosystems; finding sustainable solutions to mangrove forest management 
should be an issue of global concern and priority (Alongi, 2002; Duke et al., 2007; Polidoro et al., 
2010; Valiela et al., 2001).  
 
Most published research on the economics of REDD+ has so far focused on terrestrial forests, 
rather than mangrove forests (Borrego and Skutsch, 2014; Fisher et al., 2011; Irawan et al., 2013; 
Skidmore et al., 2014), and used opportunity cost analysis to quantify the compensation required for 
different types of stakeholders in different locations to make REDD+ projects theoretically 
financially feasible (Boucher, 2008; Irawan et al., 2013; Lin et al., 2014; Wertz-Kanounnikoff, 
2008). Boucher (2008) reviewed 29 studies that applied opportunity cost analysis to determine the 
minimum costs per tCO2e required to make REDD+ projects in terrestrial forests in various 
locations theoretically financially viable, and summated a mean opportunity cost of US$2.51/tCO2e; 
a relatively low cost in terms of global climate change mitigation options. Some more recent studies 
have suggested that the true costs of getting REDD+ projects operational have been generally 
underestimated in published research, and that the costs of REDD+ projects in reality are likely to 
be much greater (Angelsen and McNeill, 2012; Borrego and Skutsch, 2014). Making REDD+ work 
in reality is a difficult task. The implementation of effective and equitable REDD+ projects in 
practice is constrained by numerous factors: poor governance and insecure land tenure (Larson, 
2011; Sunderlin et al., 2009); organizational fragmentation and complex sociological, ecological 
and economic factors (Law et al., 2012; Thomas, 2014); and technical complications in developing 
the monitoring, reporting and validation process (Herold and Skutsch, 2011). 
 
In this paper, we use opportunity cost analysis to examine how REDD+ might be used to achieve 
more sustainable outcomes in a production mangrove forest. Importantly, our analysis examines 
how REDD+ might be integrated in a mangrove forest currently used for timber production. We 
investigate whether REDD+ can be used to achieve a better balance between ecosystem health and 
the financial returns derived from the forest for its various stakeholders. Our analysis focusses on 
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the Matang Mangrove Forest Reserve in Malaysia (MMFR). The MMFR has been managed for the 
extraction of timber for more than a century and provides a useful context within which to examine 
into how REDD+ might be used to achieve a better balance between timber production and 
conservation objectives. 
 
9.2 Background 
 
9.2.1 Study Area 
 
The MMFR is the largest tract of contiguous mangrove forest gazetted as a Permanent Forest 
Reserve in Peninsular Malaysia. It covers an area of 40,466 hectares and is located in the State of 
Perak (Figure 9-1). In Malaysia, the management of state-owned mangrove forests fall under the 
jurisdiction of the respective state forestry department (Jusoff and Taha, 2008). The Perak State 
Forestry Department (PSFD) is the custodian and manager of the MMFR. It takes precedence over 
other related government agencies on how the mangrove forest reserve is managed and ultimately 
determines the ecological outcomes (Chong, 2006; Jusoff and Taha, 2008).  The systematic 
management of the mangrove forest reserve is based on a series of 10-year working plans, which 
have been continuously updated since the 1950s (Roslan and Nik Mohd. Shah, 2014). 
  
The mangrove forest reserve is divided into four forest management zones; the Production Zone, 
the Restrictive Production Zone, the Protective Zone and the Unproductive Zone. The Production 
Zone is the largest of the all the zones and comprise of 29,794 ha (73.6%) of total land coverage, 
the Protective Zone covers a total area of 7,360 ha (18.2%), the Restrictive Production Zone 
comprise of 2,892 ha (7.2%), while the Unproductive Zone makes up an area of 420 ha (1.0%) 
(Azahar and Nik Mohd. Shah, 2003). 
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Figure 9-1: The location of Matang Mangrove Forest Reserve (right) and the breakdown of the management defined forest classes (left). 
 
Source: Adapted from (Azahar and Nik Mohd. Shah, 2003; Hamdan et al., 2013). 
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The management employs a Clear Felling and Planting silviculture system based on a 30-year 
rotation. Designated areas are clear felled on a 30 year rotation and thinning activities are carried 
out twice, the first thinning (Thinning 1) is conducted between the stand ages of 15 years to 19 
years and the second thinning (Thinning 2) is conducted between the stand ages of 20 years to 24 
years (Gan, 1995). Natural and artificial regeneration play an important role in restocking clear 
felled areas. The silviculture practices at the MMFR have been strictly focused on the continual 
regeneration of the more economically valuable species of the Rhizophora type, where the 
Rhizophora apiculata is given priority over the Rhizophora mucronata. This has resulted in the 
Rhizophora forest dominating an estimated 85% of the total forest (Alongi et al., 2004; Azahar and 
Nik Mohd. Shah, 2003; Ong and Gong, 2013). 
 
Although the mangrove forest reserve has been deemed as one of the best sustainably managed 
production mangrove forest in the world, its ecological status and ecosystem services are in need of 
urgent attention as multiple signs of degradation have continued to emerge (Ammar et al., 2014a; 
Goessens et al., 2014). For example, years of continuous timber extraction have resulted in the 
decline of greenwood yield, largely due to poor management decisions and degrading ecological 
health (Gong and Ong, 1995; Ong, 1995). There have also been signs of waning in the population of 
Milky Stork and other migratory birds (Ismail and Rahman, 2012; Khaleghizadeh et al., 2014; Li et 
al., 2006; Rahman et al., 2013; Verheugt, 1987). The blood cockle industry, which is an important 
aquaculture activity for the community at the mangrove forest reserve, has seen a sharp decline in 
productivity (Ammar et al., 2014a; Ellison, 2008). Hamdan et al’s (2013) local assessment of the 
carbon stock indicated that the mangrove forest reserve had loss a carbon stock of approximately 
3.2 mil tCO2e over a period of 20 years. Another study found that the surface water and sediments 
of the deltaic estuarine system have been contaminated with various pathogenic bacteria which 
could eventually lead to the contamination of the aquaculture industry and captured fisheries. Both 
these latter activities are of economic value that supersede the timber extraction activity at the 
mangrove forest reserve (Ghaderpour et al., 2014). 
 
In addition to the observed signs of degradation, it is important to point out that in the current 
working plan (2010-2019), the management has approved the operation of 489 charcoal kilns, a 
number that exceeds the recommended carrying capacity (Noakes, 1952). Though the large number 
of kilns may be a result of increasing efficiency in charcoal production, this is the highest number 
that has ever been and comes at a critical point in time when the integrity of the entire ecosystem is 
under tremendous pressure. This would mean that in the current working plan, there will be an 
increase of 38 % of clear felled areas compared to the 30 year average of the three previous working 
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plans (1980-2009). It is with these facts in mind that we have identified the possibility of 
implementing an alternative management strategy in an attempt to further improve the ecological 
outcomes at the MMFR. 
 
9.3 Methodology 
 
9.3.1 Opportunity cost analysis 
 
The establishment of a REDD+ project at the MMFR would entail costs that could be grouped into 
three categories; opportunity costs, implementation costs and transaction costs (Pagiola and 
Bosquet, 2009). Opportunity costs represent the cost of foregone financial benefits of forms of land 
use (Merger et al., 2012; White et al., 2011). Implementation costs are costs that are directly 
associated with the efforts needed to ensure the reduction of deforestation and forest degradation 
and hence the reduction of emissions – for example, the cost of relocating timber harvesting 
activities or guarding the forest to prevent illegal logging (Merger et al., 2012; Pagiola and Bosquet, 
2009). They can also comprise of capacity-building activities, such as training and consultations, 
required for the implementation of REDD+. Transactions costs arise throughout the process of 
initiating, executing and operating REDD+ activities. They include costs such as monitoring, 
reporting and verifying the emissions reduction. These are typically considered separate from 
implementation costs as they do not involve activities that directly reduce deforestation or forest 
degradation (Merger et al., 2012; Pagiola and Bosquet, 2009; White et al., 2011). 
 
Opportunity costs are viewed to be the largest component of the cost of REDD+ (Olsen and Bishop, 
2009; Pagiola and Bosquet, 2009). The estimation of opportunity costs plays an important role in 
providing the information required to develop an effective and equitable benefit sharing REDD+ 
project, by depicting how different stakeholders and sectors of the national economy would be 
financially affected by REDD+ policies and payments (White et al., 2011).  We apply opportunity 
cost analysis here, given its demonstrated suitability to evaluate the viability of REDD+ projects 
(Borrego and Skutsch, 2014; Irawan et al., 2013; Nuru et al., 2014; Ogonoswki and Enright, 2013).  
We consider it to be the first step towards providing initial information on the economic incentives 
that would be required to compensate foregone timber production in the pursuit of achieving 
ecological goals at the MMFR. 
 
The three common approaches to estimating opportunity costs of REDD+ are local-empirical 
models, global-empirical models and global partial equilibrium models (Boucher, 2008; Wertz-
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Kanounnikoff, 2008; White et al., 2011).  In this study we applied the local-empirical approach, 
which best fit our objective of evaluating the MMFR, as the estimates from this approach are 
derived from detailed studies of a specific area. The opportunity cost are measured in terms of a 
land use change expressed in terms of money. The derived opportunity costs are estimated on a per 
hectare basis. The conversion of the per-area opportunity costs (US$ per hectare) are converted to 
emission-based costs (US$ per tCO2e) based on information that are specific to the MMFR 
(Boucher, 2008). 
 
There are several advantages in the application of opportunity cost analysis in this study, including; 
the identification of the likely impacts of REDD+ on different stakeholders, the identification of 
compensation for changing land use practises as part of the implementation of REDD+, and, the 
improvement of other REDD+ costs from the information gathered from the analysis (Olsen and 
Bishop, 2009; White et al., 2011). However, it is crucial to understand and be aware of the 
limitations of the opportunity cost analysis and that it should always be considered in the broader 
context of other costs and benefits (Fosci, 2013; Plumb et al., 2012; White et al., 2011).  
 
The analysis was conducted from the perspective of the PFSD because it was identified as the 
primary stakeholder with the most significant impact on the mangrove forest reserve through its 
decision making processes. The types of data critical to the analysis are carbon stock and financial 
data related to the charcoal and poles production at the mangrove forest reserve. They are required 
to estimate a single carbon stock value to be used for comparison with a single-value profitability 
estimate of Net Present Value (NPV). 
 
9.3.2 Carbon stock data 
 
It is recommended that the carbon stock value, also known as a time-averaged carbon stock, be 
estimated from the gains and losses over a life-cycle of a land use and not by the maximum carbon 
stock of the area at any point of time (Watson et al., 2000; White et al., 2011). However, in this 
study, because of the unique management characteristics at the MMFR and the underlying objective 
to conserve and preserve parts of the production forest by converting it to a protected forest, the 
estimation is focused on a single cycle of clear felling rotation over 30 years. 
 
The change in average carbon stock per hectare of a designated area for thinning and clear felling at 
the MMFR were estimated using the stock-difference method. The method uses carbon stock 
inventories derived from sample plots to estimate sequestration or emissions by measuring the 
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standing stock of biomass at the beginning and at the end of the accounting period (Gray et al., 
2014; White et al., 2011). The ground sample plots used in this study were obtained and combined 
with permission from two previous study conducted to assess the biomass distribution of the 
MMFR via remotely sensed data (Hamdan et al., 2013; Hamdan et al., 2014). The aboveground 
biomass for the individual field plots were estimated from an allometric equation that was 
specifically derived from the study area (Ong et al., 2004):   
 
Aboveground biomass (kg) = 0.235DBH2.42                              (1) 
 
The ground sample plots were collected between 2010 and 2011. These sample plots were 
randomly distributed across the forest but were primarily restricted to areas of the forest that could 
be accessed safely. The sampling methods were designed using the stratified random sampling 
approach which was based on the forest strata.  The individual sampling plot size was 20 m × 50 m. 
All living trees with a diameter of 5 cm and above were recorded. The sampling also incorporated 
an ancillary data set which contained the spatial information on the forest classes and management 
zones. A total of 50 ground sample plots designated for clear felling within 12 months of the date of 
collection of the field survey were selected to represent the carbon stock at final felling.  
 
9.3.3 Financial data 
 
Any proposal to reduce the production of charcoal and poles at the mangrove forest reserve would 
result in the PSFD having to forgo revenues related to timber extraction activities in the designated 
areas. Because the analysis was conducted from the viewpoint of the PSFD, the data for the costs 
and benefits of these activities was collected from the most recent published working plans of the 
MMFR (Roslan and Nik Mohd. Shah, 2014). Data related to the timber extraction activities 
published in previous literature was also used to support the analysis.  
 
The financial component of the opportunity cost analysis was calculated using the NPV of the 
profits from the timber extraction activities at the MMFR on a per hectare basis. Wertz-
Kanounnikoff (2008) suggested that the discount rate used in the calculation should reflect the 
social rate of the government or the market rate. Generally, international practice in the assessment 
of climate change policies has seen the application of social discount rates ranging from 1% to 15% 
with the most common rate used by studies in the analysis of opportunity costs of REDD+ to be 
10% (Grieg-Gran, 2008; Harrison and Commission, 2010; Irawan et al., 2013; Smith, 2011). In 
adopting the approach by Irawan et al. (2013), we calculated the NPV using discount rates of 5, 10 
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and 15% with a 30-year time horizon (which reflects the clear felling rotation period at the MMFR) 
to enable the consideration of the different social and business issues that arise in assessing land-use 
options and minimum REDD+ payments. The variation in discount rate takes into account the bank 
lending rate for forestry projects in Malaysia which varies between 5 and 10 %. 
 
A smaller portion of the revenue generated at the MMFR is made through registration fees, and 
licence and permit fees charged to the participants of the charcoal and pole production industry. We 
have based the updated estimations of these miscellaneous fees (as they are referred to in the 
working plans) on the 1990-1999 working plan (Gan, 1995). The clear felling and charcoal 
production fees were converted to per hectare values based on the assumption that each charcoal 
producer is granted 2.3 hectares per kiln. Thinning and pole production fees were obtained by 
dividing the total amount of fees with the average of the total thinning area designated per 
contractor which we estimated to be around 22.6 hectares (See Table 9-1). All estimates were 
converted into 2014 US Dollars using the exchange rate obtained from the economic and research 
data provided by the Board of Governors of the Federal Reserve System4. 
 
Table 9-1: Miscellaneous fees collected by the PSFD for the timber extraction activities at the 
MMFR (adapted and updated from Gan, 1995). 
 
Miscellaneous Fees Final Felling and 
Charcoal Production 
Thinning and Poles 
Production 
Contractor registration fee US$ 15.67 US$ 15.67 
License fee US$ 125.40 US$ 125.40 
Use permit fee for charcoal kiln site US$ 31.35 N.A. 
Use permit fee for poles landing site N.A US$ 62.70 
Charcoal kiln license fee US$ 62.70 N.A. 
Boating fee US$ 6.27 US$ 6.27 
Worker's sub license fee US$ 9.40 US$ 9.40 
Total fees per ha US$ 109.04 US$ 10.11 
 
 
The major portion of the revenue generated by the PSFD is derived from royalties and premiums 
charged for the extraction of timber used in the production of charcoal and poles. This includes the 
royalties collected from the charcoal production based on the number of burns per kiln. Annual 
expenditure can be broken into three major costs which are the management and administration, 
operational, and, forest development and reforestation cost (Gan, 1995). We have excluded the 
management and administration, and operational cost from this assessment based on the assumption 
                                               
4 http://www.federalreserve.gov/releases/H10/hist/dat00_ma.htm, accessed on 21 August 2013. The historical rate used 
in this study was the obtained from 17 July 2013.  (US$ 1.00 = Malaysian Ringgit 3.19). 
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that with or without the implementation of REDD+, these costs would remain the same. This is 
because there has always been a shortage of workforce at the mangrove forest reserve and this is 
stated in three of the previous working plans (Azahar and Nik Mohd. Shah, 2003; Gan, 1995; 
Roslan and Nik Mohd. Shah, 2014). In fact, managing less areas for clear felling would be an 
advantage and could lead to better utilization of the current workforce.  
 
The costs of forest development and reforestation are also included in our analysis. These are costs 
that are directly related to preparing the designated area in the production forest for timber 
extraction activities and include restocking activities such as weeding and replanting costs. Table 9-
2 presents the major revenue and costs used in the financial analysis. The comparison of these 
figures with other published studies could also be facilitated through the application of 2014 
conversion rates to a currency of preference. 
 
The primary objective of our analysis was to utilize this financial data to estimate and compare the 
profits generated from two different land uses; (1) business as usual which means the continuity of 
timber extraction activities and (2) the preservation of a designated area in the production forest 
which means complete avoidance of timber extraction activities in certain areas. The available 
financial data extracted from the working plans was transformed to represent it in terms of returns 
(US$ per hectare per year). Used in combination with the carbon stock data estimated, the profit 
analysis of the two options evaluated in this study enabled the analysis to estimate the REDD+ 
opportunity costs. We calculated the net present value (NPV) to compare the profitability of the 
different options based on discounted stream of profits. 
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Table 9-2: Critical data used in the financial analysis portion of the opportunity cost analysis 
(Adapted from Gan, 1995, Azahar and Nik Mohd. Shah, 2003, Roslan and Nik Mohd. 
Shah, 2014). 
 
 
Data 
 
 
Thinning 1 
(Poles) 
 
Thinning 2 
(Poles) 
 
Clear Felling 
(Charcoal) 
 
 
Area statistics: 
 
Average land area 
available annually 
 
816 ha per year 768 ha per year 1,076 ha per year 
 
Average timber yield 
 
367,200 pcs (small) 
244800 pcs (large) 
 
138,240 pcs (small) 
207360 pcs (large) 
 
180 t/ha (greenwood) 
 
Major revenue: 
 
Premium US$ 7.84 per ha US$ 7.84 per ha US$ 106.58 per ha 
Royalty US$ 0.25 (small) 
US$ 0.56 (large) 
US$ 0.25 (small) 
US$ 0.56 (large) 
US$ 118.18 per burn 
per kiln 
 
Forest development  
And reforestation cost: 
 
Weeding 
 
Average of US$ 172.41 per ha 
Replanting 
 
Between US$ 470.22 and US$ 626.96 per ha 
 
 
9.4 Results and discussion 
 
9.4.1 Opportunity cost analysis 
 
9.4.4.1  Carbon stock 
 
Timber extraction activities release carbon into the atmosphere and estimating the amount of 
emission is critical component in analysing the REDD+ opportunity costs at the MMFR. Figure 9-2 
provides an example of an ideal scenario of a biomass gain and loss in a hectare of production 
mangrove forest and versus the actual situation observed at the MMFR. In the actual situation at the 
MMFR, there is a fluctuation of greenwood yield or biomass accumulation due to continuous 
timber extraction activities. The fluctuation can be attributed to the impact of anthropogenic 
activities such as deep flooding, impaired regrowth, excessive thinning or delay in harvesting 
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(Ammar et al., 2014a). Recent findings on the decline of the overall carbon stock of the MMFR 
over time supports this observation (Hamdan et al., 2013; Hamdan et al., 2014). 
 
Figure 9-2: Aboveground biomass gain-loss at the Matang Mangrove Forest Reserve. 
 
 
 
The estimation of carbon stock in the opportunity cost analysis was designed to primarily focus on 
areas that have been designated for timber extraction. These are areas dominated by the 
commercially valuable Rhizophora apiculata forests. The focus on the production forest also 
facilitated the adoption of a location and species specific allometric equation to estimate and 
partition biomass at the MMFR for carbon accounting (Ong et al., 2004). 
 
The carbon pool that was selected to be measured in the analysis was based on the magnitude of 
potential changes the carbon pool had on the mangrove forest reserve total carbon stock. Therefore, 
the analysis only took into account the fluctuation of aboveground biomass. It excludes dead wood 
and litter, belowground biomass and soil carbon. Although the study acknowledges the importance 
of soil organic carbon, which accounts for a significant portion of carbon storage in mangrove 
forests (Alongi, 2012; Donato et al., 2011), it has been excluded from this preliminary analysis on 
the assumption that timber extracting activities at the MMFR do not place a significant amount of 
the soil organic carbon at risk. To support this assumption, we provide an example based on the 
estimate of carbon loss due to disturbed soil at the MMFR by Ong (1993). The study estimated that 
the conversion of a mangrove forest to aquaculture ponds released 75 tC per hectare per year to the 
atmosphere over a 10-year period or at almost 50 times the original sequestering rate. In remote 
areas where outlets are needed to allow for the transportation of greenwood, canals that are about 
four meters wide that can reach up to a distance of approximately 100 meters are manually dug. A 
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single canal would release an estimated amount of 0.3 tC per hectare per year, an amount that can 
be considered negligible for the purpose of this analysis. The exclusion has also provided the 
analysis with a conservative estimate – an essential criteria for a REDD+ opportunity cost analysis 
(Grassi et al., 2008).  
 
The mangrove forest reserve has a combination of forest ranging from new forest to matured forest 
as a result of its silvicultural practice. The different rates of sequestration during different stages of 
growth in the forest have a profound impact on the total carbon stock at the MMFR. From the 
literature, we can observe a range of estimates of the total above ground biomass at different stand 
age in the study area (Table 9-3). The record reflects the fluctuation of greenwood yield as a result 
of different growth patterns in the individual coupes after clear felling. 
 
Table 9-3: The estimated aboveground biomass t ha-1 and (aboveground carbon t ha-1) reported at 
the Matang Mangrove Forest Reserve.  
 
 
  Aboveground biomass t ha-1 (Aboveground carbon t ha-1) at different  
stand age 
Source: 5 8 10 13 15 18 20 23 25 28 30 MVR 
(Ong et 
al., 1981) 
16 
(8) 
   257 
(129) 
    287 
(144) 
  
(Ong et 
al., 1984) 
16 
(8) 
 180 
(90) 
 200 
(100) 
   300 
(150) 
   
(Putz and 
Chan, 
1986) 
           460 
(230) 
(Ong et 
al., 1995) 
      228 
(114) 
     
(Gong and 
Ong, 1995) 
72 
(36) 
95 
(48) 
 131 
(66) 
 160 
(80) 
 155 
(78) 
 153 
(77) 
  
(Alongi et 
al., 2004) 
106 
(53) 
    352 
(176) 
     576 
(288) 
(Juliana 
and 
Nizam, 
2005) 
  160 
(80) 
 220 
(110) 
 280 
(140) 
 260 
(130) 
   
(Goessens 
et al., 
2014) 
    216 
(108) 
 217 
(109) 
   372 
(186) 
 
 
 
The range of aboveground biomass previously recorded at the MMFR for coupes between 28 and 
30 years ranged between 153 tC per hectare and 372 tC per hectare. The aboveground carbon stock 
in the table was derived through the use of the global default conversion factor of 50% as 
recommended by the Intergovernmental Panel on Climate (Pachauri and Reisinger, 2008). This 
gave a range of aboveground carbon stock of between 77 tC per hectare and 186 tC per hectare.  
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The descriptive statistics for the 50 ground sample plots used to calculate the average amount of 
carbon emitted a hectare of the mangrove forest reserve during the period of clear felling are shown 
in Figure 9-3. As the designated parts of the forest are clear felled annually, they release the 
aboveground biomass or carbon into the atmosphere. The trunks are used for charcoal production 
while the remaining parts of the trees are left to decompose, a process which takes approximately 
two years to complete. Using the ground sample plots of areas that have been designated for clear 
felling, we estimated that a 30 year old coupe to contained an average of 244 tC per hectare of 
aboveground biomass. The estimation of the aboveground biomass included the trunk, the stilts, the 
leaves and the branches of the trees. This represented a potential carbon stock loss of 122 tC per 
hectare. By multiplying by the molecular weight conversion factor of 3.66 (Eggleston et al., 2006), 
it is estimated that the clear felling activities at the MMFR releases an emission of 446.52 tCO2e per 
hectare. 
 
Figure 9-3: Descriptive statistics of the 50 ground sample plots. 
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9.4.4.2  Financial profitability 
 
The revenues generated from the thinning and clear felling activities at the MMFR are dictated by 
the PSFD. However, the reforestation costs, which represent the major portion of the total costs 
incurred by the PSFD are dependent on the rate of natural regeneration of recently clear felled areas 
and the likelihood of the presence of invasive species (species that impede the re-growth of the 
Rhizophora forest) prior to the regeneration of the mangrove forest. It has been estimated that 60% 
of annual clear felled areas required replanting and that the presence of invasive species occur in the 
whole range of the forest except for deeply flooded areas (Gan, 1995). This makes them crucial 
factors in determining the profitability per hectare and ultimately the opportunity cost structure at 
the MMFR. We have conducted the analysis and presented the results based on this understanding. 
 
The discounted profitably analysis revealed two crucial information (see Table 9-4). First, the 
PSFD department would only profit from the management of activities carried out at the MMFR 
under all the discount rate scenarios when clear felled areas regenerated naturally. The department 
could only generate a positive NPV under the application of the lowest discount rate (5%) when 
only weeding had to be conducted. Any replanting activities would generate a negative NPV. 
Keeping in mind that the generation of these figures had not included the emolument of the forestry 
department staff and that 60% of recently clear felled areas required replanting as indicated in Gan 
(1995), there may be an indication that the forestry activities are being indirectly subsidised. The 
observation is consistent with the assertion made by Ong and Gong (2013) which claims that the 
forestry department is providing subsidy to manage the system. They estimated this subsidy to be 
within the range of up to a thousand US$ per hectare per year. Second and more importantly, the 
high probability of having to conduct weeding and replanting in large areas of recently clear felled 
area would mean that there is an equivalent high possibility that the implementation of REDD+ 
would be financially viable in at least half of the areas of the production forest. The results also act 
as a preliminary identification process for the type of areas that could potentially be financially 
viable to achieve emission reductions. 
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Table 9-4: Financial profitability. 
 
 Profitability 
 
Different management 
scenarios for the PSFD 
 
 
NPV at 5% 
discount rate 
(US$/ha) 
 
NPV at 10% 
discount rate 
(US$/ha) 
 
NPV at 15% 
discount rate 
(US$/ha) 
 
 
Natural regeneration 
after clear felling 
 
369.91 
 
140.13 
 
59.87 
Weeding required in 
year one after clear 
felling 
205.64 - 16.61 - 89.97 
Replanting required in 
stages between year two 
and five 
- 59.87 - 200.31 - 212.85 
Weeding and replanting 
required after clear 
felling 
 
- 224.14 
 
- 357.05 
 
- 362.70 
 
Note: The net present value (NPV) or discounted stream of profits/loss per hectare of the thinning 
and clear felling activities at the MMFR under different regeneration scenarios. (The miscellaneous 
fees for thinnings at US$ 10.11/ha and clear felling at US$ 109.04/ha; weeding cost of US$ 172.41/ha; 
average replanting cost of US$ 548.59/ha). 
 
 
To calculate the REDD+ opportunity cost, which is expressed in US$ per tCO2e, we integrated the 
outputs obtained from the carbon stock and financial profitability analysis (see Table 9-5). 
Theoretically, this is the estimated amount of money that is needed to be paid to the PSFD to stop 
clear felling activities to preserve and conserve some parts of the production forest. The method is 
based on the assumption that the primary stakeholder would require to be compensated with an 
equivalent financial value that they would have to forgo by choosing not to deforest.  
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Table 9-5: Minimum REDD+ payment to offset opportunity costs at the Matang Mangrove Forest 
Reserve. 
 
 Minimum REDD+ payment required to offset profitability  
(including opportunity costs under different scenarios) 
 
Different management 
scenarios for the PSFD 
 
 
US$/tCO2e 
(5%discount rate) 
 
US$/tCO2e 
(10%discount rate) 
 
US$/tCO2e 
(15%discount rate) 
 
 
Natural regeneration 
after clear felling 
 
0.83 
 
0.31 
 
0.13 
Weeding required in 
year one after clear 
felling 
0.46 - 0.04 - 0.20 
Replanting required in 
stages between year two 
and five 
- 0.13 - 0.45 - 0.48 
Weeding and replanting 
required after clear 
felling 
- 0.50 - 0.80 - 0.81 
 
 
 
With the current management practice, using the estimated average aboveground carbon stock of 
446.52 tCO2e per hectare and based on the current revenue and cost structure at the MMFR, under 
different range of discount rates, the implementation of REDD+ in clear felled areas that require 
replanting or both, weeding and replanting, will translate into net earnings rather than cost due to 
negative opportunity costs. Given that large areas within the production mangrove forest that 
require replanting after clear felling, it seems that the implementation of a REDD+ project is a 
viable option to promote conservation and preserve parts of the production forest. Note that the 
estimation does not include the management and transaction costs, and it does not take into account 
the possible loss of employment in the affected industries. However, because the opportunity cost 
constitute the largest portion of the costs involved in establishing REDD+ activities, and we are not 
advocating the complete abolishment of the charcoal and poles industry but merely a reduction in 
related activities (levels that have been achieved in previous working plans), the implementation of 
such a project in future working plans could offer a relatively cost-effective emissions reduction 
option. 
 
In the areas where there is successful natural regeneration, the range of REDD+ payment to 
compensate for the opportunity costs range between US$ 0.13 per tCO2e and US$ 0.83 per tCO2e 
depending on the applied discount rate. Although REDD+ activities can be considered a viable 
option to conserve and preserve such areas – it is recommended that these areas not to be 
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considered as possible implementation sites and remain designated as a production forest. This will 
ensure that the greenwood yield required for the charcoal and poles industry will be obtained from 
optimal timber extraction sites without materially interrupting or changing the socio-economic 
dynamics of the MMFR in the event that REDD+ activities are implemented. 
 
To provide a perspective and comparison to our findings, we highlight a study by Murray et al. 
(2011) which calculated an estimated break-even price, defined as the point at which the carbon 
market value equals the cost of mangrove forest protection plus the average of the opportunity costs 
for different countries. The figures were derived from mangrove forests that were perceived to be at 
risk from conversion to agriculture, aquaculture or wood harvests. The study determined that 
Senegal offered the cheapest emissions reductions at US$ 1.70 per tCO2e and Colombia offered the 
most expensive emissions reductions at US$ 11.31 per tCO2e. Malaysia offered the top five 
cheapest mitigation potential at US$ 2.34 per tCO2e. Our highest estimated opportunity cost of US$ 
0.83 per tCO2e, which does not include the cost of protection, was found to be considerably lower 
than the cheapest emissions reduction calculated for Senegal.  
 
9.5 Conclusion 
 
The financial viability REDD+ activities in the MMFR is dependent on the ability to raise sufficient 
funds through the sale of carbon credits to cover the opportunity costs of avoiding timber extraction 
for the charcoal and poles industry. This study demonstrates that REDD+ is not only a viable option 
for most parts of the production forest but may also be the best option for areas that are not able to 
regenerate naturally. This is because the timber extraction activities in these areas are heavily 
subsidized and the implementation of REDD+ activities could generate revenue that could be used 
to efficiently manage other parts of the production forest. Given the management and socio-
economic structure of the MMFR and the important and valuable ecosystem services that the forest 
provides, we conclude that the PSFD should engage in REDD+ activities based on both sound 
ecological and financial reasons.  
 
Borrego and Skutsch (2014) had indicated that published studies of the opportunity costs of 
REDD+ had often focused on deforestation and have failed to consider the costs of degradation 
despite being a crucial element to REDD+. In the case of the MMFR, in addition to forest 
degradation, it will be crucial in the future to consider and incorporate the provision and 
degradation of other ecosystem services into the analysis. If parts of the designated production 
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forest were to be conserved, not only will carbon emissions been avoided, but the provision of other 
ecosystem services could potentially be restored providing higher net benefits to the stakeholders. 
 
However, prior to the actual establishment of REDD+ activities at the MMFR, future study should 
first endeavour to incorporate other costs such as the transaction and implementation costs which 
have not been evaluated in this study. A detailed evaluation and the quantification of the 
relationship between REDD+ activities and the provision of critical ecosystems services at the 
MMFR should also be considered. It would be crucial to model and predict the outcomes in the 
provision of these services to be able to perform a complete evaluation of the implication of the 
implementation of REDD+ activities. The identification of areas conducive to implement REDD+ 
activities could be conducted using opportunity cost maps. The application of spatial analysis 
methods could help identify areas that require replanting and overlapping these areas with those that 
contribute to the health and provision of critical ecosystem services will ensure that the 
implementation of REDD+ at the MMFR should be environmentally sound and economically 
viable. 
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CHAPTER 10 :                                          
CONCLUSION AND RECOMMENDATION FOR 
FUTURE RESEARCH 
 
This chapter summarises the overall findings of this thesis and provides an overview of the answers 
to each of the research questions. It highlights the contribution of this research towards a better 
understanding of the integration and establishment of REDD+ programs in multiple-use mangrove 
forests. The limitations of the research and recommendations for future research are also presented. 
 
10.1 Summary of research findings in relation to research problem 
 
The MMFR has undoubtedly been sustainably managed in the context of the continuous production 
of charcoal and poles for over more than a century. The management regime has successfully 
sustained a relatively stable area of forest coverage and maintained a stable composition of mature 
and young mangrove forests and clear felled areas. However, as reflected in the result of the 
ecosystem services assessment, the MMFR has shown signs of multiple ecosystem services 
degradation. Because major ecosystem degradation tend to occur after signs of simultaneous 
failures in multiple ecosystem services are detected, there is a sense of urgency for the PSFD to 
consider innovative management approaches that would lead to a well-balanced socio-economic 
and ecological outcomes. 
 
In view of the current situation at the MMFR and the growing importance of the role blue carbon 
can play in climate change mitigation, this research was structured to analyse and evaluate the 
hypothetical integration of REDD+ into the management of the MMFR. Four research questions 
were formulated to address the research problem to determine if the establishment of REDD+ at the 
mangrove forest reserve was viable and could lead to improved ecological, financial and economic 
outcomes. Four chapters were dedicated to investigate and present findings from four different 
perspectives; (1) a management regime perspective; (2) an ecological perspective; (3) a stakeholder 
and ecosystem services perspective, and (4) a financial and economic perspective.  
 
In Chapter 5, the research paper demonstrated that the establishment of REDD+ program at the 
MMFR was conducive on two fronts. Firstly, it provided an advantage to the management regime 
because of the inherent characteristics of REDD+ which was structured to achieve positive impacts 
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on diverse ecological and socio-economic objectives. REDD+ offers a potentially effective tool to 
manage the rich socio-ecological ecosystem as it could provide benefits beyond the traditional 
objective of merely preserving carbon. Secondly, the unique characteristics of the Matang 
mangrove forest reserve (which included the availability of extensive records and research, the 
presence of a stable organisational environment, the influence of complex sociological, ecological 
and economic factors, and the presence of clear and distinct regulatory frameworks) provided a 
highly suitable context to study issues associated with the operationalization of REDD+. Chapter 5 
effectively addressed the first research question by highlighting the general features that could make 
the establishment of REDD+ programs at the MMFR a win-win situation for both the forest’s 
ecology and the people who depend on the forest for income. 
 
The preliminary findings validated the theory to pursue an in-depth and comprehensive evaluation 
of an integration of REDD+ programs at the MMFR. However, the evaluation from an ecological 
perspective required the study to identify a repeatable, cost-effective and reliable method to assess 
the ecological health of the mangrove forest reserve. The method had to be robust enough to relate 
these assessments with the silvicultural practice at the MMFR. The second research question was 
therefore designed to identify and evaluate a method that met these criteria.  
 
The research paper in Chapter 6 was tasked to assess the suitability of utilizing remotely sensed data 
obtained from Landsat imaging sensors, in combination with ancillary forest inventory data, for the 
planning and management of the MMFR. One of the main reasons behind the selection of the 
Landsat archive derived data was to obtain access to a lengthy times series of earth observation. In 
this case, it allowed the study to analyse as far back as 1978. This was especially crucial in 
analysing the MMFR where the working plans are devised every 10 years and a complete rotation 
of extracting timber at the production forest take 30 years to complete.  
 
The study found that the unique environmental setting at the MMFR, which was a direct result of 
the silvicultural practice, played an important role in the application of remote sensing at the 
mangrove forest reserve. The tree density and pockets (coupes and sub-coupes) of even-aged and 
largely homogenous mangrove forest stand structure facilitated the image classification process. 
The object based image analysis was determined to be the most effective method of classification as 
opposed to the pixel based approach. From a management and planning point of view, the image 
datasets could be used effectively in species delineation. It could effectively distinguish between 
mangrove and Dryland forest and also, between commercially available species and non-
commercially available species. As the analysis was unable to use the available image datasets to 
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effectively estimate and quantify the above ground biomass, much of the inferences to the carbon 
stock flux (in terms of quantity) at the MMFR in this study were made based on the findings of a 
research collaboration undertaken as part of this research project (see Appendix A). With respect to 
the contribution of remote sensing analysis to the overall objective of this study, the stand age 
delineation assessment was found to be effective in the segregation of pixels into groups of 
homogenous objects which represented the clear felled areas, forest with stand age of 13 years and 
below (young mangrove forest) and forest with stand age that were 13 years or more (mature 
mangrove forest). This was beneficial as it allowed the study to progress and: (1) monitor the 
overall stand age structure at a point in time; (2) monitor the change in the stand age structure over 
a period of time; (3) monitor the regeneration or restocking of clear felled areas; and more 
importantly (4) use the resulting image outputs as proxy to provide a general spatial and temporal 
distribution of aboveground biomass of the mangrove forest reserve.  
 
In Chapter 7, the stand age structure delineation technique identified in the previous chapter was 
used to assess the impact of the silvicultural practices employed at the MMFR on several critical 
ecosystem services. It analysed the distribution of stand age composition over a period of 35 years. 
The vital area statistics derived from the analysis indicated a stable and well balanced forest stand 
structure. However, the ensuing ecosystem services assessment on the greenwood yield, production 
of blood cockles and the migratory bird population disclosed varying degrees state of degradation.  
 
Based on the assumption that the classification results provided a reliable proxy for an indirect 
analysis on the temporal and spatial distribution of aboveground biomass of the mangrove forest 
reserve, the analysis was extended by establishing a link between the results of the ecosystem 
services assessment and the stand age structure classified images. The analysis showed that the 
fluctuation in greenwood yield were affected by varying rates of regeneration, exposure to 
excessive thinning and delay in harvesting. The blood cockle production around the mudflats of the 
mangrove forest reserve was found to be in areas that are subjected to both, timber extraction and 
natural coastal erosion. Forest biomass change also revealed a previously undetected ecological 
change in the late eighties, identifying anthropogenic disturbances as possible key factors behind 
the decline in the population of Milky Stork and migratory shorebirds. These analyses revealed that 
although the MMFR had been effectively managed for the production of timber for charcoal and 
poles, there were still opportunities for further enhancement in the formulation of management 
strategies of the ecosystem to maximise biomass production and production of related ecosystem 
services. From an ecological perspective and because of the current state of the critical ecosystem 
services, the MMFR could potentially benefit from the establishment of REDD+ programs. 
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Chapter 8 and 9 were formulated to address the fourth research question from two different 
perspectives. Firstly, the establishment of REDD+ would involve achieving multiple objectives 
with a wide range of stakeholders. Therefore, it was crucial for the research to define and 
understand the complex relationship between the different groups of stakeholders and the ecosystem 
services provided by the mangrove forest reserve. This aspect of the research was addressed by 
Chapter 8 in which a stakeholders and ecosystem services analyses were conducted based on 
secondary data and field visits made to the study area. The ecosystem services were also mapped to 
incorporate spatially explicit information into the analysis.  
 
The PSFD was identified as the principal stakeholder because of its influence over the ecological 
outcomes of the mangrove forest reserve. It possessed the ability to influence and impact all major 
ecosystem services that were dependent on the mangrove forest reserve through its decision making 
processes. Collectively, the analysis showed that although the stakeholders interacted with the 
ecosystem in different ways to derive different benefits from it, their economic interest 
complemented each other. They were all dependent on the long term ecological integrity of the 
mangrove forest reserve and the sustainable flow of the critical ecosystem services. This common 
interest can play a key role in the design and establishment of an equitable and efficient REDD+ 
program at the MMFR. Chapter 8 concluded that the implementation of REDD+ programs at the 
MMFR is feasible from both, an ecological and a stakeholders’ needs perspective as it can be used 
to achieve an optimum balance between timber production and conservation to promote better 
ecological outcomes. 
 
Secondly, the establishment of REDD+ programs at the MMFR would be subject to a variety of 
costs. It would lead to the reduction in timber extraction activities at the mangrove forest reserve 
causing the primary stakeholder (PSFD) to forgo revenues related to timber extraction activities. 
The financial feasibility of implementing REDD+ would therefore depend largely on the ability to 
raise sufficient funds through the sale of carbon credits to cover the opportunity costs of avoiding 
timber extraction. Because opportunity costs are viewed to be the largest component of the cost of 
REDD+, Chapter 9 used opportunity cost analysis to examine if and how REDD+ can be used to 
achieve more sustainable outcomes in a production mangrove forest. It was tasked to analyse the 
financial and economic implications of implementing REDD+ programs from viewpoint of the 
PSFD.  It determined that the minimum compensation required to offset the production revenue 
currently derived from timber production in the forest to be less than US$0.83 tCO2e. The 
opportunity cost structure was shown to be heavily reliant on the ability the clear felled areas to 
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regenerate and the severity of the threat of invasive species. In areas where weeding and replanting 
were required, the opportunity costs were negative, indicating a source of income rather than a cost 
incurred. This showed that it was more than likely that the PSFD were subsidising the timber 
extraction activities in these areas. Because replanting and weeding is required in half of the 
designated production forest, there is a potential to establish REDD+ in approximately 14,897 ha of 
the designated production forest at the MMFR. If only parts of the designated production forest 
were to be conserved, it would not adversely affect the charcoal and poles industry. Carbon 
emissions can been avoided and the provision of other ecosystem services could potentially be 
restored providing higher net economic benefits to the rest of the stakeholders. 
 
10.2 Implications of research 
 
The findings of this thesis have implications both for the development of REDD+ and the 
management of the MMFR. The thesis identifies the MMFR as a good location to test a REDD+ 
initiative.  The thesis also highlights the importance of applying the term ‘sustainably’ in a much 
wider context in managing natural resources or, in this case, a production mangrove forest. Limiting 
the term to specific context such as silviculture and failing to consider other context such as 
ecological functionality could lead to unexpected and undesirable economic, social and 
environmental outcomes.  
 
The managers of the MMFR need to move forward by starting to incorporate management 
strategies that focus on the entire ecosystem structure rather than just parts and pieces of it. 
Decisions regarding the future management of the MMFR should be also based on an enhanced 
understanding of trade-offs and synergies that exist between all ecosystem services. The 
relationship and interaction between every stakeholder and all the ecosystem services should form 
the basic foundation of future management strategies. As this is a multi-disciplinary problem that 
cannot be solved in isolation, proper care should be taken to ensure that all disciplines are well 
represented in the formation of any monitoring body. These are factors that are critical in ensuring a 
sustainable flow of all ecosystem services. 
 
The definition of degradation in climate change also needs to be addressed and reinforced to ensure 
that the degradation in other ecosystem services is effectively considered prior to the establishment 
of REDD+ programs. In order to encourage this, a comprehensive and holistic assessment should be 
performed in areas where REDD+ programs are to be established. Finally, it is crucial to realize that 
the increase of carbon stock does not necessarily mean an increase in other ecosystem services, 
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although the decline in carbon stock will more than likely to mean the decline in most ecosystem 
services if not all.  
 
10.3 Limitations and suggestions for future research 
 
The scope and nature of this research require the analysis to draw upon a large number of 
disciplines. It also involved the application of a wide range of methodologies. Given that this was a 
PhD research project and inherently constrained by time and resources, both these factors were the 
major source of limitations in this thesis. Some of the key limitations and suggestions for future 
research include: 
 
1. Biomass estimation 
The study had to rely on supplementary data provided by another research project as it could 
not estimate the above ground biomass from the image data sets obtained from the Landsat 
archive. The unsuccessful attempt could have been attributed to the canopy characteristics of 
the MMFR. Initially, because Landsat archive data have been shown to provide reliable 
aboveground biomass estimation in forest with simple structure, the unique canopy 
characteristics at the mangrove forest reserve was perceived to be an added advantage. 
However, as demonstrated by the findings, the decline in tree density as the forest matured 
may have caused also data saturation as observed in forest with complex stand structures. 
 
As a result, the thesis was not able to directly measure and monitor the change in the above 
ground biomass throughout the duration of the study period. However, future study should 
aspire to estimate, quantify and monitor the change in carbon flux over time. It is highly 
recommended that it also experiments on establishing ground sample plots to measure above 
ground biomass after the segmentation and classification process of the object based image 
analysis has been completed. In this thesis, one of the main problems encountered during the 
estimation of aboveground biomass based on an object based analysis, was that the available 
sample plots did not represent the segments well. There were high concentrations of ground 
sample plots in certain segments while others had to settle with limited ground sample plots 
or none at all. By establishing ground sample plot after the segmentation of the image, 
researchers can plan in advance where to have the ground sample plots to ensure a better 
representation of samples for different groups of segments. This would also enable 
researchers to understand and relate what is seen on the ground to the produced segments. 
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The outcome may be of interest to a number of national and international trial projects that 
are currently being completed using imaging radar to produce accurate and repeatable 
biomass maps.  
 
2. Soil carbon 
This study was based on the assumption that the soil carbon at the MMFR were not 
significantly disturbed during timber extraction activities and therefore was not considered 
in any of the analysis. However, soil carbon is a major component of the carbon stored in 
mangroves. Therefore future study should examine the effects of silvicultural practices on 
the storage and accumulation of soil carbon over time. It would be interesting to compare 
the soil carbon storage in between the protected forest and the production forest.  
 
3. Blood cockle production 
Based on the observation and data gathered, the alarming decline in blood cockle production 
and disruption in the supply of blood cockle seeds seemed to be the least researched topic 
compared to the other ecosystem services analysed in this study. There is limited amount of 
literature on the topic and the underlying cause has yet to be identified. This is rather 
surprising considering that its economic value in early 2000 exceeded the economic value 
generated by the charcoal and pole industry. Therefore, it is strongly recommended that an 
initiative be launched immediately to investigate and determine the underlying cause of this 
phenomena.  
   
4. Ecosystem services valuation and socio-economic impact. 
The financial and economic analysis in this study revolved around an opportunity cost 
analysis and only from the viewpoint of the PSFD. The cost of REDD+ and how its 
establishment at the MMFR would affect the financial and economic outcomes were also 
briefly discussed. However, there were other aspects of ecosystem services valuation and 
socio-economic impact that could not be included due to the constraints mentioned earlier. 
We propose that future in-depth research into the actual integration of REDD+ programs at 
the MMFR to include the full valuation of all the ecosystem services. It should also analyse 
the interaction between the different but interlinked ecosystem services in order to 
understand how the provisions of these ecosystem services might change with changing 
conditions. The socio-economic impact on all stakeholders should also be assessed and 
considered to provide a more comprehensive view.  
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This study has been designed to evaluate the integration of REDD+ programs at the MMFR and it is 
only natural that the recommendations of future research leaned towards this objective. However, it 
is in the author’s view that the recommendations can also be used to enhance the management 
strategy at the MMFR. It could help provide the management regime with a foundation to develop 
an effective ecosystem-based management.  
 
10.4 Closing remarks 
 
The overall findings of the thesis indicate that the implementation of REDD+ programs at the 
MMFR is feasible and conducive from multiple perspectives. The management regime and 
ecosystem structure provides a favourable landscape for the development of REDD+. This is further 
enhanced by the stakeholders’ shared interest in preserving and sustaining the flow of ecosystem 
services. Moreover, the presence of multiple signs of ecosystem service degradation demonstrates a 
clear need for action to support the ecological health of the area. These benefits could eventually 
translate to increased socio-economic benefits for the forest’s stakeholders. The thesis also 
identified areas in which REDD+ could be established and be financially viable. The PSFD has the 
opportunity to be at the forefront of the development of one of the most innovative climate 
mitigation mechanisms to emerge from international climate change discussions. More importantly, 
it has the opportunity to formulate a management strategy that could incorporate the ecosystem 
services framework within its policy appraisal and decision making processes; a move that could 
potentially yield more sustainable economic, social and environmental outcomes for the mangrove 
forest reserve. 
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